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INTRODUCTION

Loss or attenuation of expression of the Binl anti-cancer gene in patient biopsies has been
associated with malignant breast carcinoma [1] as well as other prevalent cancers. Our previous
studies have indicated that Binl loss can have a striking effect in promoting tumoral immune
escape and that this can be more important to tumor formation than the impact of Binl loss on
intrinsic growth properties [2]. We have identified the immunomodulatory gene IDO as a
negatively-regulated downstream target of Binl. IDO encodes indoleamine 2,3-dioxygenase, a
tryptophan catabolizing enzyme that has been demonstrated to play a physiologically essential
role in protecting the allogeneic fetus during pregnancy by suppressing T cell activation. Our
work is the first to connect the IDO gene to a known cancer suppression pathway, and dovetails
with the observation of increased IDO-mediated tryptophan catabolism that has been frequently
reported in cancer patients. In a well-established transgenic mouse model for breast cancer, the
MMTV-Neu mouse, we have demonstrated that IDO inhibitors can exhibit impressive
therapeutic cooperativity when used in combination with specific chemotherapeutic agents [2].
Identification of this non-obvious combination of immunotherapeutic and chemotherapeutic-
based regimens presents a clear path forward for translational development. Based on this
knowledge, our proposed studies were aimed at addressing the links between Binl loss, IDO
dysregulation, and host immunity in mouse breast cancer models.

BODY

Task 1. Examine Binl and IDO expression in autochthonous MMTV-Neu tumors

Previously, we reported evidence that Binl function in MMTV-Neu tumors may be attenuated
both through decreased expression and mislocalization during the process of malignant
transformation. Technical difficulties had precluded similar evaluation of IDO levels in these
tumors. We have overcome this roadblock through the establishment of a collaboration with Dr.
David Munn at the Medical College of Georgia. His laboratory has successfully performed
immunohistochemical analysis of IDO expressed in mouse tissues [3] and they have been willing
to evaluate tissues from our breast tumor-bearing mice. In a preliminary experiment, reported
last year on the evaluation of IDO in tumors formed by 4T1 breast carcinoma isografts implanted
ectopically into the mammary fatpad, no evidence of IDO expression was observed in the actual
tumor but rather was observed in tumor draining lymph nodes. We now have successfully
stained specimens from tumor-bearing MMTV-Neu mice and a similar staining pattern has
emerged (Fig. 1). Again, although there was no evidence of IDO expression in the tumor, IDO
expression was detected in the tumor draining lymph node in what appear morphologically to be
plasmacytoid dendritic cells. This is the same sort of staining pattern that the Munn group
previously reported in a melanoma isograft model [4], which has led to the hypothesis that, in the
case of some tumors, immune escape can be mediated by IDO expression in the tumor draining
lymph node. Data from human breast cancer patients, which Dr, Munn’s group has collected, is
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consistent with this being the more common mechanism of immune escape for breast cancer and
we are now writing up these findings for publication.

Task 2. Directly determine the impact of Binl loss on tumor development

We previously reported that, although Binl gene expression is not essential for mammary gland
development, it does facilitate lobular development prior to and during pregnancy but that
compensatory development apparently minimizes this difference following parturition. We also
reported last year that mammary gland targeted Binl loss does not significantly impact the
frequency or latency of carcinogen-induced breast cancer, but does consistently result in disease
that scores as histopathologically more aggressive. These data were published in Cancer
Research [5]. To address the goal of investigating how Binl loss affects tumorigenesis driven by
lactation-dependent expression of the c-Neu proto-oncogene in the mammary gland, we
previously reported crossing the MMTV-Neu transgene onto the Wap-Cre* Bin1"1/K°
background, in which the Binl gene undergoes tissue targeted disruption in the mammary
epithelial cells of parous female mice. Experimental and control groups were evaluated under
conditions that we had previously found to result in nearly 100% of MMTV-Neu transgenic
female mice on the FVB strain background developing mammary gland tumors by 8 months.
However, we were unable to obtain interpretable data in the targeted Binl loss studies because
tumor formation was dramatically suppressed as a consequence of the mixed non-FVB strain
background in which these experiments were conducted. In order to circumvent this problem, we
have performed the necessary breeding to make it possible to perform the same experiment on an
FVB strain background as described in the Potential Pitfalls and Alternative Approaches section
of Task 2. This required backcrossing three different transgenic lines to FVB for at least 5
generations each (to bring the genetic background to > 95% FVB) and then performing a
relatively complex breeding strategy (diagrammed in Fig. 2) to produce mice with all of the
requisite genetic elements in place. We have since generated the necessary cohorts of FVB-strain
MMTV-Neu""WapCre*~Bin1"®/X° experimental mice and MMTV-Neu*"WapCre*Bin1"/*
control mice to perform the study. Preliminary outcome analysis indicates that mammary gland
targeted Binl loss does not demonstrably affect either tumor multiplicity or latency in this
model. So far these data are consistent with outcomes from the carcinogenesis studies and we are
currently waiting for histopathological analysis of these samples to determine if Binl loss
promotes malignant progression in a similar manner as well. Because Binl loss in this model is
targeted to the mammary gland epithelium and IDO appears to be expressed in dendritic in the
tumor draining lymph node, we no longer expect there to be a direct connection between Binl
loss and a contribution of IDO to tumor development in the breast cancer context.

Task 3. Investigate the chemopreventative activity of IDO inhibitor treatment in relation to Binl
status

AND

Task 4. Profile tumor-associated immune cell populations and functionally characterize the
involvement of specific T cell populations.
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The rationale for these final two Tasks was predicated on the prediction that loss of Binl in
developing tumors of MMTV-Neu mice would promote tumor development through
dysregulated elevation of IDO directly in the breast cancer cells. Data obtained in the course of
this project has now led us to call this particular model into question. Since beginning work on
this project, we are becoming increasingly convinced that the relative importance of tumor-
expressed IDO may be contextual and that breast cancer may instead be a tumor type in which
IDO activity in the normal stroma, particularly in antigen presenting dendritic cells (DCs) in the
tumor draining lymph nodes (TDLN), is most relevant to tumor outgrowth. This idea is based on
our findings in the MMTV-Neu model that IDO inhibition cooperates with chemotherapy to
produce regression of primary tumors [2] even though no evidence of IDO expression in the
primary tumor is apparent. As described below, this new way of thinking about IDO in breast
cancer has been further corroborated in studies using the highly metastatic 4T1 breast carcinoma
cell line [6], which forms progressively growing primary tumors and that spontaneously
metastasize to the lungs, liver, blood, lymph nodes, brain, and bone marrow within two weeks
after an initial orthotopic injection [7].

Interestingly, we have discovered that the particular compartment in which IDO activity is
relevant, be it tumor or stroma, may have significant bearing on the development of potential
therapeutic agents targeting IDO. Specifically, the two different stereoisomers of the IDO
inhibitor LMT appear to behave quite differently when targeting tumoral versus stromal IDO
activity. The D isomer of 1MT, currently being developed by NewLink Genetics Corp. in
conjunction with the National Cancer Institute (NCI), has received Investigational New Drug
(IND) approval from the Food and Drug Administration (FDA) and has recently entered into
early phase clinical testing. Therefore it is particularly critical to be cognizant of how this
specific inhibitor may be predicted to behave in a particular therapeutic context. We have
pursued this question as part of the collaboration established with Drs. David Munn and Andrew
Mellor, who initiated the preclinical testing of D-1MT through the NCI RAID program. Initially
we became interested in the discrepancy between in vitro and in vivo findings with the two
different isomers of IMT (D and L), where L is in the same conformation as the naturally
occurring form of the amino acid tryptophan. Based on published reports, we had expected that
the L isomer of LMT would be a more potent IDO inhibitor than the D isomer and thus would
show greater cooperativity against tumors. In order to directly examine this issue biochemically,
we tested the ability of the different LMT isomers to inhibit IDO activity in a cell-free, purified
enzyme assay as well as in cancer cells induced to express IDO. As has been previously reported,
the L isomer had a substantially lower Ki for inhibiting activity of the purified IDO enzyme than
did the D isomer (Fig. 3). Likewise, when IDO was induced in the HeLa human cervical cancer
cell line by interferon-y treatment, EC50 determinations again revealed L-1MT to be a more
potent inhibitor than D-1MT (Fig. 4). However, Dr. David Munn’s laboratory has found that, in
the case of toleragenic dendritic cells (DCs), D-1MT is at least as good an inhibitor of cellular
IDO activity as L-1MT [8]. Furthermore, when tested for their ability to relieve IDO-mediated
suppression of T cell activation in a mixed lymphocyte response (MLR) assay, D-1IMT was
found to be superior to L-1MT as well as DL-1MT [8]. It has been proposed that, for at least
some types of cancer, IDO activity associated with toleragenic DCs in the tumor draining lymph
nodes may be particularly relevant to immune escape by the tumor. Data from Dr. Munn’s
laboratory demonstrating D-1MT efficacy in targeting IDO-dependent, DC-mediated immune
tolerance and our own data showing the superiority of D-1MT in cooperating with
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chemotherapeutic agents in two mouse models of breast cancer, the MMTV-Neu transgenic
model and the 4T1 mammary carcinoma isograft model (Fig. 5 A,B), are consistent with this
idea of IDO-expressing, toleragenic DCs being important to tumoral immune escape in the
context of breast cancers. A manuscript incorporating these findings has now been published in
the journal Cancer Research [8].

Our recent work has gone on to uncover a possible explanation for the conundrum surrounding
the IMT stereoisomers in the discovery of a second IDO related enzyme that is specifically
inhibited by D-1MT. BLAST searches of the publicly available human genome database for
INDO-related sequences, led us to come across a second predicted gene directly adjacent to
INDO at 8p12. Identified by the locus designator LOC169355, (which has since been changed to
INDOLL1 (INDO-like-1)), the predicted gene sequence corresponded to only a fragment of the
INDO gene. This, however, turned out to be a misannotation. Searching the human genomic
sequence identified a complete set of putative exons encoding a full length gene, termed here
IDO2, and a complete set of exons could be found in the syntenic region of the mouse genome as
well. By RT-PCR, we have confirmed expression of the predicted full length human IDO2
transcript as well as at least four truncated splice variants [9]. The full-length IDOZ2 transcript is
comprised of 11 exons (Fig. 6). An additional exon 1a in humans, encoding 8 N-terminal amino
acids, has not yet been found in the mouse. The human and mouse IDO2 proteins are more
highly conserved (72% identical) than their IDO counterparts (62% identical). Although the IDO
and IDO2 proteins do not share a high degree of homology (43% identical), amino acids
determined by crystallographic analysis and mutagenesis studies to be critical for IDO to
catabolize tryptophan are highly conserved in IDO2 suggesting that it may be catalytically active
as well. Indeed, the ability of IDO2 to catabolize tryptophan was confirmed using recombinant
V5 epitope-tagged IDO2 ectopically expressed in a human embryonic kidney cell line (Fig. 7).
Of particular interest, however, was the finding that in contrast to IDO, IDO2 was preferentially
inhibited by the D isomer of 1IMT. The differential was quite striking, with no evidence of
inhibition by the L isomer at 50 puM at which concentration the maximal inhibition of kynurenine
production by the D isomer had been achieved (Fig. 7). A manuscript incorporating these
findings has now been published in the journal Cancer Research [9].

Two single nucleotide polymorphisms (SNPs) producing non-synonymous codon changes within
the coding sequence for the IDO2 gene, which are predicted to severely impact enzymatic
function, have been identified through evaluation of the public human NCBI SNP database (Fig.
8). One, a T to A transition in exon 10, changes a tyrosine at position 359 to a stop codon. This
results in premature termination of the protein immediately prior to a conserved histidine residue
that in IDO is essential for catalytic activity [10]. The other, a C to T transversion in exon 8,
changes an arginine at position 248 to a tyrosine. This residue is located at a position equivalent
to R231 in IDO, which has been demonstrated by site directed mutagenesis to be critical for
catalytic activity and, from the crystal structure, is postulated to be involved in substrate
recognition through hydrophobic interactions [11]. This residue is predicted to reside near the
entrance to the active site and the presence of the bulky tryptophan side chain may hinder
substrate access as well (J. Lalonde, personal communication). Both polymorphisms have been
confirmed by site directed mutagenesis to reduce the activity of ectopically expressed IDO2 to
undetectable levels. In both cases, the protein product was found to be destabilized in the cells
(unpublished results), and so the actual impact of these polymorphisms on enzymatic activity as
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opposed to expression still remains to be formally evaluated. Remarkably, both of these
inactivating polymorphisms are highly represented in the general population. Data from 339
individuals in the public database suggests that there may be some ethnic variation in the
frequency of occurrence of these polymorphisms with the R248W most prevalent in individuals
of European descent, the Y359Stop most prevalent in individuals of Asian descent, and a lower
frequency both inactivating alleles in individuals of African descent. This evaluation is based on
relatively small groups and the numbers should be expanded to confirm any trends, but still, the
overall frequency at which both IDO2 alleles are potentially inactivated appears to be
remarkably high, ranging from up to 25% of individuals of African descent to possibly as high as
50% of individuals of either European or Asian descent (Fig. 8). This raises questions regarding
how important the functional role of IDO2 actually is and whether there might be
counterbalancing selective pressures on its expression due to both advantages and disadvantages
that it might provide the host. IDO, for instance, has been implicated as being both protective
against inflammatory pathology associated with infection as well as promoting tumoral immune
escape. Along these lines, an interesting question to explore will be how these IDO2
polymorphisms track with susceptibility and outcomes for different types of cancers. NewLink
Genetics Corp. has initiated Phase-I clinical trials of the presumptive IDO inhibitor, 1-methyl-D-
tryptophan (D-1MT), with breast cancer as a lead indication. Our recently published finding of
the previously unrecognized IDO2 gene product being the preferential target for D-1MT, rather
than IDO, has clear ramifications for genetic screening of individuals enrolled in such a trial due
to loss-of-function polymorphisms in the IDO2 gene that are present in the general population
[9]. Therefore, future studies of the role of IDO2 in breast cancer development will have
immediate bearing on how data from current clinical trials of D-1MT are interpreted as well as
on how new inhibitors are designed (specifically targeting IDO2, IDO or both enzymes) in order
to achieve maximum therapeutic benefit.

4T1 is an aggressively metastatic breast cancer model. Mortality in this model results from the
development of disseminated metastases, particularly pulmonary metastases. The increased
survival achieved with combination therapy data in the 4T1 model (Fig. 5A) suggested to us the
possibility that IDO might be important to the establishment of metastases in this model.
Because no detectable IDO expression was observed in 4T1 tumors, it also seemed likely that the
relevant compartment for IDO expression was in the stroma. As indicated in the Potential Pitfalls
and Alternate Approaches section to Task 3, we were clearly cognizant that this sort of question
could be ideally addressed using an IDO knockout mouse, but we deemed creation of such a
mouse to be beyond the scope of the project. We did not, however, anticipate at the time that we
would be able to obtain the IDO knockout mice through the establishment of a collaboration with
Drs. David Munn and Andrew Mellor. Acquiring their IDO knockout mouse line has allowed us
to perform experiments aimed at dissecting the role of IDO in tumor development more directly
than would be possible with just the use of small molecule IDO inhibitors as we had originally
proposed. Based on our IDO inhibitor treatment data, we anticipated that we would have to
provide chemotherapy to IDO knockout mice challenged with 4T1 tumor cells in order to
produce a survival benefit. Instead we found that the IDO knockout mice, without any additional
treatment, showed significantly improved survival over wild type mice that was comparable to
what was achieved with the combination of IMT + cyclophosphamide in the wild type mice
even though primary tumor outgrowth was unaffected (Fig. 9A,B). A dramatic reduction in lung
nodules, (indicative of pulmonary metastases), was observed in lungs from IDO knockout mice
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as compared to lungs from wild type mice (Fig. 9C). The impact of IDO loss on metastasis was
quantitatively assessed using a colony formation assay to compare tumor burden in the lungs. At
5 weeks post-challenge wild type mice had, on average, a 10-fold higher tumor burden in their
lungs than did IDO knockout mice (Fig. 9D). This was not due to an intrinsic difference in the
ability of metastatic 4T1 cells to escape from the site of the primary tumor in the context of the
IDO knockout host as the number of 4T1 cells found in the bloodstream was equivalent between
the wild type and IDO knockout mice. Metastatic disease is the primary cause of mortality in
cancer patients and these are the first data to demonstrate that IDO may be an important
therapeutic target to interfere with this critical aspect of breast cancer development.

KEY RESEARCH ACCOMPLISHMENTS

— Collaborated with Drs. David Munn and Andrew Mellor to evaluate IDO staining in MMTV-
Neu mouse mammary gland tumors and tumor draining lymph nodes as part of a larger
project to evaluate the relevance to breast cancer of IDO expression in these two
compartments. Have obtained immunohistochemical staining data consistent with IDO
expression being predominantly associated with plasmacytoid dendritic cells in the tumor
draining lymph node rather than in the tumor itself.

— Backcrossed all of the necessary genetic elements onto the FVB strain background and
performed all of the subsequent crosses needed to evaluate the impact of mammary gland
targeted deletion of the Binl gene on MMTV-Neu driven breast cancer. Outcomes data from
this experiment, consistent with previously reported carcinogenesis results, have been
collected and we are currently awaiting histopathological analysis.

— Demonstrated that the D isoform of the IDO inhibitor 1-methyl-tryptophan, which selectively
targets stromal rather than tumoral IDO activity, effectively combines with chemotherapy in
two different mouse breast cancer models. These data were published in Cancer Research.

— Discovered a new IDO-related gene product, IDO2, that is specifically inhibited by the D
isomer of 1MT, providing a possible explanation for the biological activity attributable to this
compound. These data were also published in Cancer Research.

— Utilized an IDO knockout mouse, provided through our ongoing collaboration with Drs.
David Munn and Andrew Mellor, to demonstrate that the absence of stromal IDO is
sufficient to effectively delay the development of pulmonary metastases in an orthotopic
breast carcinoma isograft model.

REPORTABLE OUTCOMES

e Manuscripts

Metz, R., J.B. DuHadaway, U. Kamasani, L.L. Kleintop, A.J. Muller, and G.C.
Prendergast. Novel tryptophan catabolic enzyme IDO?2 is the preferred biochemical target
of the antitumor IDO inhibitory compound D-1MT. Cancer Res. 67:7082-7087 (2007).
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Chang, M.Y., J. Boulden, J.B. Katz, L. Wang, T.J. Meyer, A.P. Soler, A.J. Muller, and
G.C. Prendergast. Binl ablation increases susceptibility to cancer during aging,
particularly lung cancer. Cancer Res. 67:7605-7612 (2007).

Banerjee, T., J.B. DuHadaway, P. Gaspari, E. Sutanto-Ward, D.H. Munn, A.L. Mellor,
W.P. Malachowski, G.C. Prendergast and A.J. Muller. A key in vivo antitumor
mechanism of action of natural product-based brassinins is inhibition of indoleamine 2,3-
dioxygenase. Oncogene epub ahead of press, doi:10.1038/sj.onc.1210939 (2007).

Muller, AJ., R. Metz, and G.C. Prendergast. Differential targeting of tryptophan
catabolism in tumors and in tumor-draining lymph nodes by stereoisomers of the IDO
inhibitor 1-methyl-tryptophan. International Congress Series 1304C pp. 250-261 (2007).

Kumar, S., W.P. Malachowski, J.B. DuHadaway, J.M. LaLonde, P.J. Carroll, D. Jaller, R.
Metz, G.C. Prendergast, and A. J. Muller. Indoleamine 2,3-dioxygenase is the anticancer
target for a novel series of potent naphthoquinone-based inhibitors. J. Med. Chem. epub
ahead of press, doi:10.1021/jm7014155 (2008)

Ramalingam, A., J.B. Duhadaway, E. Sutanto-Ward, Y. Wang, J. Dinchuk, M. Huang, P.S.
Donover, J. Boulden, L.M. McNally, A.P. Soler, A.J. Muller, M.K. Duncan, and G.C.
Prendergast. Bin3 deletion causes cataracts and increased susceptibility to lymphoma during
aging. Cancer Res. 68:1683-1690 (2008).

e Abstracts/Presentations

Centro Nacional de Investgaciones Oncologicas/Nature. Madrid, Spain. October 3-6,
2007.

Abstract presented: “IDO inhibition: an emerging therapeutic strategy targeting immune escape
by tumors”

(Poster)

American Association for Cancer Research 98" Annual Meeting. Los Angeles, CA. April
14-18, 2006.

Abstract presented: “Brassinin compounds exhibit anti-cancer activity mediated through
inhibition of the immunotolerogenic enzyme Indoleamine 2,3-dioxygenase”

(Poster)

NewLink Genetics Corporation, Ames, IA. January 10, 2007
“Evaluation And Development Of IDO Inhibitors To Defeat Tumoral Immune Tolerance”
(Invited Speaker)

29™ Annual Induction Ceremony of Sigma Xi

Saint Joseph’s University, Philadelphia, Pa. April 25, 2007

“Turning the Immune System Against Cancer: New Developments on an Old Idea”
(Keynote Speaker)
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Farmingdale State College Campus-Wide Bioscience Seminar Series

Farmingdale State College, Farmingdale, NY. September 17, 2007

“Development of Small Molecule Inhibitors to Defeat Tumoral Immune Tolerance by
Targeting IDO”

(Invited Speaker)

CONCLUSION

Our ongoing studies in mouse breast cancer models have helped to establish a case for this
particular tumor type being more dependent on IDO-activity expressed in the stroma for
mediating tumoral immune escape than on IDO-activity directly expressed in the tumor cells.
This is consistent with observations made by Drs. David Munn and Andrew Mellor in the B16-
F10 melanoma isograft tumor model. In particular, our IDO staining data indicate that, similar to
the melanoma studies, the accumulation of plasmacytoid dendritic cell with elevated IDO in the
tumor draining lymph node appears to be associated with the outgrowth of autochthonous
MMTV-Neu breast carcinomas as well as orthotopic breast carcinoma isografts as we had shown
previously.

The observation that IDO-activity is differentially targeted by the two isoforms of the IDO
inhibitor 1-methlyl-tryptophan (1MT), so that the L form is more effective against IDO-activity
expressed in tumors while the D form is more effective against IDO-activity expressed in the
stroma, is interesting from both a basic research as well as a clinical development perspective.
From a basic research perspective, this brings up the obvious question of what is different
between IDO in these two compartments; a question that may be answered by our discovery of a
novel IDO related enzyme, IDO2, that is specifically inhibited by D-1MT. D-1MT has just
entered into early phase clinical trials, so it is imperative to acquire as much information as
possible regarding the tumor settings in which this compound may most likely be efficacious as
well as where it may not. The data we have generated point to breast cancer as potentially being
a clinically relevant tumor type in which to evaluate D-1MT because it appears to be more
dependent on the activity of stromal expressed IDO2 where D-1MT is active rather than tumor
expressed IDO where it is not . Furthermore, our data suggest that targeting IDO/IDO2 may be
an effective approach to impair breast cancer metastasis. Our studies are the first to demonstrate
that IDO/IDO2 inhibition can be effective against tumor metastasis, and clinically this may be
even more relevant than the data that have been generated regarding the activity of IDO/IDO2
inhibitory compounds against primary tumors.

11
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Abstract

Small-molecule inhibitors of indoleamine 2,3-dioxygenase (IDO)
are currently being translated to clinic for evaluation as cancer
therapeutics. One issue related to trials of the clinical lead
inhibitor, p-1-methyl-tryptophan (D-1MT), concerns the extent
of its biochemical specificity for IDO. Here, we report the
discovery of a novel IDO-related tryptophan catabolic enzyme
termed IDO2 that is preferentially inhibited by D-1MT. IDO2
is not as widely expressed as IDO but like its relative is also
expressed in antigen-presenting dendritic cells where trypto-
phan catabolism drives immune tolerance. We identified two
common genetic polymorphisms in the human gene encoding
IDO2 that ablate its enzymatic activity. Like IDO, IDO2
catabolizes tryptophan, triggers phosphorylation of the transla-
tion initiation factor elF2c, and (reported here for the first
time) mobilizes translation of LIP, an inhibitory isoform of the
immune regulatory transcription factor NF-IL6. Tryptophan
restoration switches off this signaling pathway when activated
by IDO, but not ID0O2, arguing that IDO2 has a distinct signaling
role. Our findings have implications for understanding the
evolution of tumoral immune tolerance and for interpreting
preclinical and clinical responses to D-IMT or other IDO
inhibitors being developed to treat cancer, chronic infection,
and other diseases. [Cancer Res 2007;67(15):7082-7]

Introduction

Tryptophan catabolism by indoleamine 2,3-dioxygenase (IDO)
mediates a protolerogenic mechanism that suppresses T cells,
providing balance or feedback control in immune reactions (1, 2).
This role for IDO was first established with the demonstration that
the specific bioactive IDO inhibitor 1-methyl-tryptophan (IMT; 3)
can trigger T cell-mediated rejection of allogeneic mouse concepti
(4, 5). More recently, IDO has become recognized as a central
mediator of immune tolerance in many settings. In cancer, IDO
expression in tumor cells and antigen-presenting cells present in
tumor-draining lymph nodes mediates an important mechanism of
immune escape (6). IDO inhibitors trigger antitumor immunity
(7, 8) and act synergistically with conventional or experimental

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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chemotherapies (9, 10). Based on preclinical efficacy studies, the
D stereoisomer of IMT has emerged as a clinical lead inhibitor that
is entering human trials. D-IMT has superior antitumor activity
relative to the L stereoisomer in most preclinical models, and IDO
is genetically required for the activity of D-IMT (11). However, at
the level of biochemical specificity, the distinction between the two
isomers is complicated, with the D isomer exhibiting little
biochemical activity as an IDO inhibitor relative to L isomer (11).
In dendritic cells, both isomers block tryptophan catabolism
comparably but the D isomer is again relatively more active
biologically (11). Two possible resolutions to this disparity in
results are that D-IMT targets either an undefined cellular isoform
of IDO, for example, an alternate spliced or modified isoform, or a
different target. Here, we corroborate the latter possibility with the
discovery of a novel IDO-related enzyme that is a preferential
target for biochemical inhibition by D-1MT.

Materials and Methods

All materials and methods are included as online Supplementary
Material.

Results

IDO2 is a novel tryptophan-catabolizing enzyme that is
preferentially inhibited by D-1MT. We discovered IDO2 by Basic
Local Alignment Search Tool searches of the human genome
using IDO sequences as probes, identifying a new gene on
chromosome 8p12 just downstream of the IDO gene INDO. At the
time of discovery, genome annotation in this region referred to
an anonymous gene termed LOC169355 that was changed later
to a misannotated partial gene termed INDOLI (IDO like-1;
Hs.122077). By trial and error, we identified exons permitting
assembly of a full-length IDO-related gene termed IDO2. This
nomenclature was chosen to distinguish it from INDOL1, which
remains misannotated as incomplete gene in the database.
By homology searching, we also identified the mouse orthologue
Ido2.

Oligonucleotide primers specific to murine and human coding
regions were used to amplify cDNAs by reverse transcription-PCR
(RT-PCR) from total RNA isolated from various tissues (Supple-
mentary Figs. S1 and S2). In this manner, we obtained full-length
cDNAs with complete coding regions including four alternatively
spliced variants of each gene. The primary human transcript is
derived from 11 exons encompassing a 74 kb region of chro-
mosome 8pl2 (Fig. 14 and Supplementary Fig. S3). In three of
the five splice isoforms of /DO2 mRNA we identified, introduc-
tion of an out-of-frame stop codon causes a premature trunca-
tion of IDO2 protein. Transcripts are initiated only 5 to 7 kb
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Figure 1. IDO2 structure and similarities to IDO. A, structure of human /DO2 gene and transcripts. Complete coding region is 1,260 bp encoding a 420-amino-
acid polypeptide. Alternate splice isoforms lacking the exons indicated are noted. White boxes, a frameshift in the coding region to an alternate reading frame leading
to termination. Black boxes, 3’ untranslated regions. Nucleotide numbers, intron sizes, and positioning are based on IDO sequence files NW_923907.1 and
Gl:89028628 in the Genbank database. B, amino acid alignment of IDO and IDO2. Amino acids determined by mutagenesis and the crystal structure of IDO that are
critical for catalytic activity are positioned below the human IDO sequence. Two commonly occurring SNPs identified in the coding region of human IDO2 are
shown above the sequence that alter a critical amino acid (R248W) or introduce a premature termination codon (Y359stop).
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downstream of the INDO gene. The mouse gene seems to differ in
its lack of the alternate exon la found in the human gene;
otherwise, exon positions are conserved, indicating gene
duplication during evolution of this region of the genome.
Human and mouse IDO2 proteins are 420 and 405 amino acids,
respectively, and are more conserved (72% identical, 84% similar)
than IDO proteins (62% identical, 77% similar). Alignments
between IDO and IDO2 sequence reveal highly conserved features
that mediate heme and substrate binding (Fig. 1B), although the
overall level of sequence conservation is not particularly high
(43% identical, 63% similar for human). Significantly, residues
determined by IDO mutagenesis and crystallographic analysis to
be critically important for catalytic activity are highly conserved
in IDO2 (Fig. 1B).

To confirm the expectation that IDO2 catabolizes tryptophan, we
expressed it in a doxycycline-regulated T-REX cell system where
formation of the enzymatic product N-formyl-kynurenine (Kyn)
was monitored. Stable cell lines expressing V5 epitope-tagged or
untagged proteins with similar levels of doxycycline-induced
expression were used for analysis (Fig. 24; Supplementary Fig. S4).
As expected, both human and murine IDO2 catabolized tryptophan
effectively as measured by Kyn production (Fig. 2B). Based on
IDO-IDO2 similarity, we compared the ability of known IDO

inhibitors to block the activity of IDO2 in T-REX cells. For reasons
mentioned above, the IDO inhibitor D-1MT was of particular interest
based on uncertainties about its biochemical target (9, 11). Therefore,
we evaluated how IDO1 or IDO2 activity was affected by the »
or L stereoisomers of IMT, or by a third inhibitor MTH-trp (9).
Consistent with previous observations (11), we found that IDO
activity was modestly inhibited by L-1MT but not D-1MT. In contrast,
IDO2 activity was inhibited by D-1MT but not L-1MT. This pattern of
inhibition was specific to these IMT isomers insofar as MTH-trp
inhibited the activity of both enzymes (Fig. 2C). These results
identify IDO2 as a relevant target for biochemical inhibition by
D-1MT, which may explain its well-documented antitumor effects.
IDO2 expression is more restricted than IDO but includes
dendritic cells. By RT-PCR analysis, we found /D02 is expressed in
a subset of tissues expressing IDO. Primers spanning the complete
human coding region detected full-length mRNAs only in placenta
and brain, whereas primers specific to exon 10 (found to be
common to all human IDO2 c¢DNAs) detected /DO2 mRNAs in
human liver, small intestine, spleen, placenta, thymus, lung, brain,
kidney, and colon (Fig. 34 and B). Although RT-PCR reactions
spanning exons 1 to 8 might not have been sensitive enough to
detect low-level transcripts, exon la-specific primers gave similar
results (data not shown), implying that other transcription start
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Figure 2. Tryptophan catabolic activity of IDO2 and inhibition by D-1MT. A, inducible expression of IDO and IDO2 in representative T-REX cells. Western blot
analysis of the V5 epitope—tagged proteins indicated was done with a horseradish peroxidase—conjugated anti-V5 antibody (Invitrogen) in cells that were untreated (U),
treated with 20 ng/mL doxycycline (D), or treated with doxycycline and 100 umol/L tryptophan (DT). B, tryptophan catabolism. T-REX cells were seeded at 60%

to 70% confluence in 96-well dishes in medium supplemented with 0 to 100 pmol/L tryptophan. Kyn production was determined 48 h later and normalized to protein
levels as determined by sulforhodamine B assay. Each enzyme was catalytically active, based on increased Kyn levels with increasing substrate concentrations,
although IDO2 seemed to be 2- to 4-fold less active than IDO when normalized to protein levels as determined by sulforhodamine B assay. Points, mean of values
determined in triplicate and normalized to cellular protein levels. Abs, absorbance. C, effect of IDO inhibitors on IDO2 catalytic activity. T-REX cells were seeded
and processed as above except for the addition to the medium of 0 to 100 umol/L of the IDO inhibitors MTH-trp, L-1MT, D-1MT, or vehicle control (DMSO). Points, mean
of values determined in triplicate and normalized to cellular protein levels as before.
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Figure 3. Tissue-specific and dendritic cell expression of IDO2. A, human tissues. A panel of total RNAs (Ambion) was analyzed by RT-PCR and agarose gel
electrophoresis. Cartoon above the figure, location of primer pairs used for RT-PCR as indicated next to the gel photos. Glyceraldehyde-3-phosphate dehydrogenase
was used as a positive control. B, human placenta. Expression of splice variants characterized as detected by the F1-R1 primer pair spanning the full-length
cDNA. A similar pattern of expression was observed with primers extending through exons 8 to 10 as F2-R1. C, murine tissues. A commercial Northern blot (Seegene)
was hybridized to murine IDO2 cDNA probe before washing and autoradiography using standard methods. D, murine JAWII predendritic cells. Top, RT-PCR analysis.
Total RNA isolated from cells that were unstimulated or stimulated 24 h with IFN-v, IL-10, or lipopolysaccharide was analyzed using primers F6 and R5

for murine IDO-2 (Supplementary Fig. S2). Bottom, Northern analysis. RNAs were fractionated on an agarose gel, blotted to nitrocellulose, and hybridized with a murine
IDO2 cDNA probe. Top, ethidium-stained gel photograph showing intact 28S and 18S rRNAs. LPS, lipopolysaccharide.
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sites may exist in human /DO2. Northern analysis of mouse tissue
RNAs confirmed a more narrow range of expression, revealing
detectable IDO2 transcripts only in liver and kidney (Fig. 3C). In a
query of the NCBI SAGEmap database with a sequence tag to /D02,
the top four hits in terms of tag count prevalence were all identified
as bone marrow-derived dendritic cell libraries. Because D-IMT
inhibits kynurenine production in dendritic cells and block their
ability to activate T cells (11), we examined IDO2 expression in an
established predendritic mouse cell line (JAWII) that matures to
dendritic cells after treatment with IFN-y. IDO2 mRNA was
expressed in unstimulated JAWII cells, and IFN-y treatment and,
to a lesser extent, IL-10 or lipopolysaccharide treatment increased
levels modestly (Fig. 3D). Using an IDO2-specific monoclonal
antibody, we confirmed expression of IDO2 protein in JAWII cells
by Western blotting and indirect immunofluorescence microscopy,
the latter of which revealed a generally cytoplasmic pattern of
expression like IDO (data not shown). Although we could not
detect Kyn production in JAWII cells, we confirmed that full-length
cDNAs cloned from these cells encoded a fully active enzyme in
T-REX cells (data not shown). Together, these observations defined
a pattern of expression for IDO2 that includes dendritic cells.

Common genetic polymorphisms in human IDO2 compro-
mise or abolish enzymatic activity. During characterization of
IDO2 cDNAs, we identified two single nucleotide polymorphisms
(SNP) that abolished enzymatic activity. One C-T SNP affecting R248
in human IDO2 was structurally analogous to R231 in human IDO,
which makes a critical contact with the indole ring of tryptophan
(12). The nonsynonymous substitution (R248W) reduced catalytic
activity ~90% in T-REX cells (Supplementary Fig. S5). A second T-A
SNP affecting Y359 generated a premature stop codon (Y359X),
which completely abolished activity (Supplementary Fig. S5).
Strikingly, both SNPs were commonly found in human genomic
DNAs in public databases, with the C-T SNP being highly
represented in individuals of European descent, the T-A SNP being
highly represented individuals of Asian descent, and neither SNP
being as prevalent in individuals of African descent (Supplementary
Fig. S6). Thus, as many as 50% of individuals of European or Asian
descent and 25% of individuals of African descent may lack
functional IDO2 alleles. This analysis implicates these SNPs as
having a broad effect on IDO2 activity in human populations, which
may have a significant bearing on the interpretation of clinical
responses to drug-like inhibitors of IDO2 like D-1MT.

IDO2 and IDO each activate LIP, an inhibitory isoform of
immune regulatory transcription factor NF-IL6, but ID02

D02
T-REX —
IDO (vector) § E g
UDDIUDDT UD BE2%auy

LAP»

LIP»

Figure 4. Distinct role of IDO2 in tryptophan catabolic signaling to transcription
factor LIP. Western analysis of LIP and LAP isoforms of NF-IL6/CEBP was
done using lysates isolated from T-REX cells seeded into 12-well dishes that
were uninduced (Ul), treated with 20 ng/mL doxycycline (Dox), or treated with
doxycycline and 100 pmol/L tryptophan (Tryp). In the lanes indicated, cells were
also treated with 100 umol/L L-1MT or D-1MT.

produces a tryptophan-independent signal. Tryptophan cata-
bolism by IDO triggers GCN2-dependent phosphorylation of the
translation initiation factor eIF-2« (13). Activation of this pathway
inhibits translation of most messages with the exception of certain
messages essential for stress-related functions. Additional contri-
butions of IDO to tolerogenesis are imparted by Kyn and other
downstream catabolites (14-16). We evaluated the ability of IDO2
to activate this pathway in T-REX cells. In IDO-expressing cells, Kyn
production was constant for 4 days postinduction after which cell
growth rate slowed appreciably. This effect related to tryptophan
depletion rather than Kyn elevation, because supplementing the
culture medium with tryptophan rescued the effect (Supplemen-
tary Fig. S7). In IDO2-expressing cells, tryptophan consumption
was slower such that cell growth was not affected (Supplementary
Fig. S7). Nevertheless, induction of IDO2 caused GCN2-dependent
phosphorylation of eIF-2a like IDO (data not shown). To compare
downstream effects, we examined how IDO or IDO2 activation
affected translation of LIP, an inhibitory isoform of the transcrip-
tion factor NF-IL6/CEPBp that is up-regulated by amino acid
deprivation by a switch to an alternate translational start site (17).
Both enzymes up-regulated LIP strongly, however, restoring
tryptophan to culture medium reversed LIP induction only when
stimulated by IDO (Fig. 4). Thus, IDO2 produced a distinct signal
for LIP activation that was independent of tryptophan availability.
This signal required catalytic activity because it was inhibited by
D-IMT (Fig. 4). These findings implied that IDO2 has a distinct
signaling role in cells compared with IDO.

Discussion

The findings of this study are significant and timely regarding
how tryptophan catabolism suppresses T-cell immunity, how
immune escape evolves during cancer progression, and how the
D stereoisomer of the widely studied IDO inhibitor 1MT, presently
entering phase I clinical trials, acts to elicit antitumor responses in
animals. Given the striking therapeutic effects of D-IMT in
preclinical models of cancer and other diseases (6), our findings
point to IDO2 as an important therapeutic target and genetic
modifier for understanding disease susceptibility. The existence of
widely dispersed genetic polymorphisms in human populations
that ablate catalytic activity argues that knowing the genetic status
of IDO2 of individuals enrolled in D-IMT trials may be important
for understanding clinical responses. Given the likelihood that
IDO2 may contribute to immune tolerance, two implications are
that individuals heterozygous or homozygous for catalytically
inactive alleles may be (a) less susceptible to developing diseases
driven by immune suppression, and (b) less susceptible to
manifesting clinical responses to D-1MT or other IDO2 inhibitory
compounds. Due to deficiencies in IDO2 activity, such individuals
may be relatively less prone to immune escape and malignant
progression of oncogenically initiated lesions, but relatively more
prone to autoimmune disorders. Given differences in the antitumor
responses seen in various preclinical cancer models to L-1MT versus
D-IMT (11), it may also be interesting to evaluate the murine /D02
gene for related polymorphisms.

In LIP, we have defined a novel component of the tryptophan
catabolism signaling pathway triggered by IDO or IDO2, using it here
to reveal a mechanistic difference in how translational control by
these enzymes may modulate immune tolerance. As a downstream
reporter, LIP could provide a useful biomarker for genetic and
biochemical pathways activated by IDO1 or IDO2 in cells that express
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NF-IL6 (also known as CEBPP). In essence, LIP is a dominant
inhibitory isoform composed of only the DNA binding region of
NF-IL6 (17). By interfering with target genes that control stress
signaling, cell growth, and immune modulation, LIP is well positioned
to mediate stable effects of IDO or IDO2 on immune tolerance
generated by antigen-presenting cells or other cell types. Using LIP,
we found that transient activation of IDO2 generates a stable signal
that persists independently of tryptophan availability. The potential
significance of this mechanism is that it could be used to propagate
tolerance from a local to a peripheral immune environment, away
from an initial site of tryptophan catabolism (18), for example, to
support cancer metastasis. Differences in LIP response argue that the
functions of IDO and IDO2 may be distinct, even if outcomes for
eliciting immune tolerance are similar.

IDO2 may address key questions about how 1MT manifests its
antitumor activity. Previous studies indicated that D-1MT can inhibit
tryptophan catabolism in human dendritic cells and that the IDO gene
is needed for antitumor activity, implicating IDO in the D-1IMT
mechanism at some level (11). Our findings do not rule out
the possibility that 1IMT may target an endogenous IDO protein
differing at some level, for example, due to posttranslational
modification (11); however, identifying IDO2 addresses a key gap in
knowledge concerning the biochemical target of D-IMT. In most
models, D-1MT displays much better antitumor activity than L-1IMT
prompting the choice made for clinical development. One implication

is that compounds with dual specificity for IDO and IDO2 may
exert more potent antitumor efficacy, and MTH-trp fulfills this
expectation (9). Based on genetic knockout studies supporting a role
for IDO in the response to D-IMT at some level (11), our findings
strongly suggest cross-talk or cooperation between the functions of
IDO and IDO2 in immune regulation. Consistent with this idea, IDO
activity may be supported by other elements involved in tryptophan
catabolism (16, 19). In future work, it will be important to examine
IDO-IDO2 cooperation as well as how catabolites of tryptophan
catabolism may figure into IDO2 action.

Addendum

Recently we became aware of another group reporting the
identification of this gene (20).
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Abstract

Age is the major risk factor for cancer, but few genetic
pathways that modify cancer incidence during aging have been
described. Binl is a prototypic member of the BAR adapter
gene family that functions in vesicle dynamics and nuclear
processes. Binl limits oncogenesis and is often attenuated in
human cancers, but its role in cancer suppression has yet to be
evaluated fully ir vivo. In the mouse, homozygous deletion of
Binl causes developmental lethality, so to assess this role, we
examined cancer incidence in mosaic null mice generated by a
modified Cre-lox technology. During study of these animals,
one notable phenotype was an extended period of female
fecundity during aging, with mosaic null animals retaining
reproductive capability until the age of 17.3 + 1.1 months.
Through 1 year of age, cancer incidence was unaffected by Binl
ablation; however, by 18 to 20 months of age, ~ 50% of mosaic
mice presented with lung adenocarcinoma and ~10% with
hepatocarcinoma. Aging mosaic mice also displayed a higher
incidence of inflammation and/or premalignant lesions,
especially in the heart and prostate. In mice where colon
tumors were initiated by a ras-activating carcinogen, Binl
ablation facilitated progression to more aggressive invasive
status. In cases of human lung and colon cancers, immuno-
histochemical analyses evidenced frequent attenuation of Binl
expression, paralleling observations in other solid tumors.
Taken together, our findings highlight an important role for
Binl as a negative modifier of inflammation and cancer
susceptibility during aging. [Cancer Res 2007;67(16):7605-12]

Introduction

Aging is the major risk factor for cancer. Nevertheless, most
preclinical models of cancer employ young animals that are
unlikely to fully recapitulate the participation of the inflammatory
tissue microenvironment, immune senescence, or other age-
associated factors. Insights into the cause and treatment of cancer
might therefore benefit from studies of genetic pathways that
modify cancer incidence during aging. However, few such pathways
have been defined.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Binl encodes a nucleocytosolic BAR adapter protein that can
interact with the c-Myc oncoprotein and inhibit its cell trans-
forming activity (1-3). c-Myc is involved in the development of
many human cancers where its overexpression is associated with
poor prognosis (4). Multiple splice isoforms of Binl exist with
diverse patterns of tissue distribution, subcellular localization,
and protein interactions (5-8). Although BAR adapter proteins
share canonical functions in membrane dynamics (9), certain BAR
proteins, such as those encoded by the Binl and APPL genes, may
also have functions in transcriptional control (2, 3, 10). Notably,
only nuclear-localizing isoforms of Binl can restrict proliferation,
survival, and immune escape of oncogenically transformed cells
(1, 2, 11-17). Binl is widely inactivated in human cancers by
attenuation or mis-splicing (1, 12-14, 18-20). However, the
consequences of Binl loss to cancer susceptibility in an animal
has not been fully evaluated to date.

Homozygous inactivation of Binl causes perinatal lethality
associated with severe cardiac hypertrophy (21). Therefore, to
assess roles of this gene beyond cardiac development, we
generated mosaic null mice using a recently constructed “floxed”
conditional mutant (22). In mosaic animals, recombination is
distributed throughout the animal, offering several inherent
advantages for investigating the impact of gene loss on diverse
processes including tumorigenesis. First, null cells are distributed
throughout every tissue, so the impact of gene loss in different
organs can be evaluated without having to generate multiple
independent lines harboring different tissue-specific Cre-express-
ing alleles. Second, each mouse is internally controlled, provided
that the gene of interest is haplosufficient, because tissues include
cells that are both null (recombined) and expressing (non-
recombined). Third, mosaic analysis is useful in mixed genetic
backgrounds because the paired control is derived from the same
animal rather than from a different littermate with a different
distribution of parental alleles. Fourth, Cre expression is restricted
to early embryogenesis, alleviating the concern that contempora-
neous Cre activity may influence phenotype, a common concern in
tissue-specific knock-outs. Lastly, a mosaic model allows one to
gauge the impact of field effects by allowing one to vary the extent
of gene loss in a tissue. In this study, we employed a mosaic model
to evaluate the contribution of Birnl to cancer suppression in
mammals. Our findings suggest that Binl limits age-associated
inflammation and cancer.

Materials and Methods

Generation and characterization of transgenic mouse strains. We
modified the standard design for Cre-mediated gene targeting by
introducing a point mutation into the 3"-most loxP site, which we found
to (a) confer a selective advantage to Cre-mediated excision of the marker
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in vitro while maintaining Cre-mediated excision of the target sequence
in vivo; and (b) favor the production of mosaic null animals relative to the
standard technology, which was desired for this project. The targeting
plasmid has been described previously in a study of tissue-specific gene
deletion (22). Briefly, a neomycin resistance gene (neo) cassette flanked by
wild-type (wt) loxP sites was inserted into a genomic targeting vector
spanning introns 2 to 5 of the mouse Binl gene (23). ES cells with the
desired homologous recombination event were infected with a recombinant
Cre adenovirus and subcloned to identify cell colonies that had selectively
lost the neo marker, leaving intact the targeted exon 3 segment. Correctly
targeted ES cell lines were microinjected into C57BL/6] blastocysts, and
chimeric mice exhibiting germ line transmission were interbred to produce
strains that included the wt allele (+), floxed knock-out allele (flox), and a
previously constructed straight knock-out allele (KO; ref. 21). Binl is known
to be haplosufficient for viability (21). Therefore, to establish the most
efficient system for producing Binl-expressing or nonexpressing cells by a
single Cre-mediated excision event, we crossed the floxed allele (flox) onto a
strain with the “straight” knock-out allele (KO; ref. 21). To mediate
recombination of the flox allele, Cre alleles were introduced by crosses to
the transgenic mouse strains FVB-TgN (Ella-cre) C5379Lmgd/] (Ella-Cre
mice).

Crossing female rather than male Ella-Cre mice produced higher rates of
mosaic offspring (67% versus 42%).° Therefore, female Ella-Cre mice were
used to generate more Binl mosaic —/— mice and Binl heterozygote mice,
and male Ella-Cre mice were used to generate more Binl+/+ mice. Tumor
formation was monitored in mice up to 18 to 21 months of age, after which
animals were euthanized and tissues were isolated and fixed in 10% neutral
buffered formalin, sectioned, and stained for histopathologic analysis with
H&E using standard methods. To monitor fecundity, if no evidence of
pregnancy was observed within 4 weeks of housing male and female mice
together, the male mice were replaced. Where offspring emerged, litter size
was recorded, and the age of the mother was calculated from the date of
coitus based on the appearance of a vaginal plug.

Genotype analysis. PCR was used to genotype mice as follows. Mouse
tissue samples were digested overnight at 60°C in lysis buffer [50 mmol/L
Tris-HCl (pH, 8.0), 100 mmol/L EDTA, 100 mmol/L NaCl, 1% SDS,
30 mg/mL proteinase K]. DNA-containing supernatant was diluted 1/50 in
10 mmol/L Tris-Cl (pH, 8.0), and 2 uL of diluted supernatant was used for
PCR in a final volume of 20 uL in a PTC-2000 Peltier Thermal Cycler (MJ
Research). Amplification products were separated by electroporation on
2% agarose gels prestained with ethidium bromide using Haelll-digested
@X174 phage DNA (Fisher) as a molecular size marker. The primers used to
monitor the Binlflox allele were LoxP1 5-TGGAGTCTGCCACCTTCTATCC-
3" and loxP2 5-GCTCATACACCTCCTGAAGACAC-3', with expected sizes of
0.9, 1.07, and 0.31 kb for wt, flox, and recombined flox (floxA) alleles,
respectively. Following a 4-min denaturation at 94°C, 35 cycles of PCR were
done at 94°C for 20 s, 58°C for 1 min, and 72°C for 1 min, with the addition
of a 10- min final elongation step at 72°C. The primers and PCR conditions
used to monitor the Binl KO allele have been described (21). The primers
used to monitor the Ella-Cre gene were Crel 5-AGGTTCGTTCACT-
CATGGA-3" and Cre2 5-GCCACCAGCTTGCATGATC-3" with allele-positive
mice identified by a single 512-bp agarose gel band. PCR conditions for the
Cre gene were 2 min denaturation at 94°C followed by 29 cycles of PCR at
94°C for 15 s, 53°C for 30 s, and 72°C for 1 min, with a final 10-min
elongation step at 72°C.

Colon carcinogenesis. 1,2-Dimethylhydrazine (DMH) was administered
on a traditional protocol as described previously (24). Briefly, mice 6 to
8 weeks old were injected i.p. with DMH each week for 20 weeks at a dose of
30 mg/kg in 10 mmol/L sodium bicarbonate/10 mmol/L EDTA (pH, 8.0).
Animals were euthanized 27 weeks after the initial injection, and intestinal
tissues that included visible tumors at necropsy were harvested and fixed in
10% neutral buffered formalin for histopathologic analysis using standard
methods.

® M.Y. Chang, unpublished observations.

Results

Generation and validation of Binl mosaic mice. Homozygous
deletion of Binl in mice causes perinatal lethality associated with a
severe hypertrophic cardiomyopathy (21). Therefore, to bypass
lethality, we generated mosaic mice using a conditional floxed
knock-out of Binl that we have described recently (22). The
scheme is illustrated in Fig. 1A4. Briefly, deletion of exon 3 leads
to exon 2 to 4 splicing that produces out-of-frame stop codon in
exon 4. Our design incorporated a mutant loxP site containing a
T—C mutation at the 3-most loxP site in the construct, which
confers a selective advantage to in vitro excision of the neo cassette
without overly compromising in vivo excision of the target
sequences.® To generate mosaic mice, we employed EIla-Cre
transgenic mice where Cre recombinase expression is controlled
by the Ella promoter. In the absence of adenovirus EIA coacti-
vator, expression driven by the EIla promoter is restricted to
mouse oocytes and preimplantation embryos including the one-
cell stage zygote (25, 26). Ella-Cre and BinlKO/+ mice were
interbred to obtain BinlKO/+EIla-Cre(+/+) offspring. These
offspring were then crossed with Binlflox/flox mice to obtain
Bin1KO/floxA;Ella-Cre(+/—) mice (Binl mosaic nulls), Binl+/
floxA;Ella-Cre(+/—) mice (Binl mosaic heterozygotes), and Binl+/
flox;Ella-Cre(+/—) mice (Binl non-recombined controls). For
simplicity, these strains are referred in the text below as Binl
mosaic —/—, Binl mosaic +/—, and Binl+/+. Genotype was defined
by the wt, flox, and floxA alleles, which generated specific PCR
products of 0.90, 1.07, and 0.31 kb, respectively (Fig. 1B). Although
recombination frequency varied between individual mosaic mice,
the proportion of cells harboring recombined to non-recombined
alleles was consistent across multiple tissues (Fig. 1C). Because
the proportion of recombined to non-recombined alleles in all
tissues could be predicted by noninvasive genotypic analysis of a
standard tail biopsy, to approach the nullizygous state, we selec-
ted viable Binl mosaic —/— mice with the highest proportion
of recombined alleles as reported by PCR analysis (e.g., as illus-
trated by animal A in Fig. 1D). In contrast to designs using wt loxP
sites, where Ella-Cre targeting produces ~50% systemic knock-
outs and ~ 50% mosaic knock-outs (25), we found that our design
using the variant 3’ loxP site produced 63% mosaic knock-outs,
6% systemic knock-outs, and 31% non-recombinant animals among
progeny from multiple matings (Fig. 14). These results showed
that using the variant 3’ loxP site increased the efficiency of
producing mosaic mice.

To confirm that the floxA allele was a true functional knock-out,
we determined whether complete systemic recombinants phe-
nocopied the myocardial hypertrophy and perinatal lethality of the
straight KO/KO mouse (21). Progeny from five independent litters
were examined after crossing BinlKO/+ mice with BinlfloxA/+
mice that had been defined as germ line recombinants by genotype
analysis and progeny testing. Of the neonates obtained from the
litters, 11/52 (21%) were unhealthy, died shortly after birth, and
were determined to have inherited the KO/floxA genotype.
Histologic analysis of the hearts from pups that died confirmed
that they had a severe myocardial hypertrophy indistinguishable
from that characterized previously in KO/KO neonates (Fig. 1E).
We concluded that Cre-mediated recombination of the flox allele
could produce a functional knock-out of Binl.

While breeding heterozygous Binl+/KO mice over a period of
several years, we noticed no apparent phenotypes except that
females remained reproductively fertile until well past 1 year of age.

Cancer Res 2007; 67: (16). August 15, 2007

7606

www.aacrjournals.org



Bin1 Suppresses Cancer during Aging

A Complete Mosaic knockout (63%) NoR-{acambInant
E1-E4 embryo Recombinant (6%) [ ——————u (31%)
cells INVIABLE KOfMoxA = mosaic ——~  +/floxA = mosaic +/-
Y s N N Rl N
\___Flox ) Ella- - Floxd ) \_ PAN PLY J
) e N N ~ ~
cre
{et={ef=fs}| — 2f-=4) 2|4 {2}-=>-fofe{a} || {2=>{a} 4]
N~ S M AN AN AN S
R s N -0 2 ~
[2}-=-{4 = 2] =>{shed]
. S A O\ 2R S

Wild-type LoxP =) ATAACTTCGTATAATGTATGCTATATACGAAGTTAT
Mutant LoxP  mmEp ATAACTCCGTATAATGTATGCTATATACGAAGTTAT

B C = D - -
= L g =
S S S
o o [=)]
,% o £ & o e & @ -
] c 3 E G =« o E = c @ E 5§ % S - ® E & E c
+ O =c =53 © 5 2 cC @ = J @ 5 o g I C 35 ©
M3 E MSE$EES2325 M EES25FEEZ L5
flox < flox
wt
« flox A < floxA
A B
E Bin1 KO/floxA

Bin1 +/+ (complete recombinant)

1 dpp

Figure 1. Generation and validation of a conditional allele of the murine Bin1 gene. A, scheme used to produce mosaic mice (see text for details). B, variant loxP site
produces complete or mosaic gene knock-out. Tail genomic DNA from offspring of Bin? flox/+ and Ella-Cre transgenic was evaluated by PCR for Cre-mediated
recombination. The wt, flox, and floxA alleles yield products of 0.90, 1.07, and 0.31 kb, respectively. Both recombined and intact flox alleles are present in tail DNA
from mosaic mice. Marker, Haelll-digested $X174 phage DNA. C, Cre-mediated recombination occurs with consistent efficiency across different tissues. Tissues from a
single animal were examined. D, the extent of cre-mediated recombination varies in individual mosaic mice. Two mice exhibiting a high or low degree of conversion of
the flox allele to the floxA allele are shown (A and B). In six tissues examined, the proportion of cells with a recombined allele is consistent with prior analysis of
tail biopsies. E, the floxA allele is a functional knock-out. Histologic analysis of the heart from Bin1(KO)/(floxA) pups that expired at birth revealed severe myocardial
hypertrophy indistinguishable from that seen in Bin1 null mice (21). dpp, days postpartum.

Breeders in the mouse colony at our institute are typically retired at the last recorded litter was 14.1 + 0.5 months (Supplementary
by 8 months due to poor reproductive capability, so this phenotype Table S1). In contrast, an explicit measurement of the mean age of
was unusual. An examination of the breeding history of 23 female the last litter in Bin1+/+ females was 11.3 &+ 1.2 months, consistent
Bin1+/KO mice collected over 2 years indicated that the mean age with observations in aged C57BL/10Sn mice that have been
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Table 1. Inflammation and premalignant lesions in Bin1 mosaic mice

19)

Bin1 mosaic +/— (N = 32) Bin1+/+ (N = 12)

Tissue and abnormality Bin1 mosaic —/— (N =
Heart

Myocarditis 3/19 (16%)
Liver

Fatty metamorphosis 3/19 (16%)

Adenoma 0/19 (0%)
Pancreas

Pancreatitis 1/19 (5%)
Prostate

Prostatitis 4/19 (21%)

10/19 (53%)
4/19 (21%)
1/19 (5%)

Prostate hyperplasia

Prostate atypia

Prostate intraepithelial neoplasia
Seminal vesicle

Inflammation 6/19 (32%)

6/32 (19%) 0/12 (0%)

6/32 (19%) 5/12 (42%)

2/32 (6%) 1/12 (8%)
2/32 (6%) 0/12 (0%)
6/32 (19%) 0/12 (0%)
23/32 (72%) 1/12 (8%)
5/32 (16%) 0/12 (0%)
1/32 (3%) 0/12 (0%)

9/32 (28%) 3/12 (25%)

NOTE: Major organs were collected at necropsy from mice of 18 to 20 mo of age and processed for histologic examination.

reported previously (27). Our findings were extended in the Binl
mosaic model, particularly in null mosaic females whose last litters
were at an unusually old age of 17.3 + 1.1 months (Supplementary
Table S1). This striking effect suggested that Binl negatively
modified some aspect of reproductive physiology during aging.
Binl inhibits inflammation and premalignant lesions in the
heart and prostate during aging. No effects of Binl attenuation
were seen in any mice through 1 year of age; however, we observed
a markedly increased incidence of inflammatory conditions and/or
premalignant lesions in more elderly animals (Table 1). By 18 to 20

months of age, 16% to 29% of mosaic mice displayed myocarditis,
an inflammatory condition in the heart (Fig. 24). Additionally,
several mosaic mice displayed evidence of pancreatitis (inflamma-
tion of the pancreas; Fig. 2B). These conditions are rare in naive
laboratory mice and were not seen in any of the control animals
examined. More dramatically, there was evidence of widespread
inflammation and/or premalignant lesions in the prostates of
mosaic mice (Fig. 2C-F). Prostatitis (inflammation of the prostate)
was observed in ~20% of mosaic mice but no animal in the
control group. Hyperplasia was evident in 53% to 72% of the mosaic

Myocarditis

400 um

Prostate hyperplasia

Prostate atypia

Prostate intraepithelial neoplasia (PIN)

Figure 2. Inflammation and premalignant lesions in Bin1 mosaic mice at 18 to 20 mo of age. Representative histologies are shown.
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mice in comparison to only a single case in the control group.
Prostate atypia and prostate intraepithelial neoplasia, both frank
premalignant lesions, were detected in 16% to 21% and ~4% of
mosaic mice, respectively, but not in any control animal. These
findings were specific to prostate insofar as we saw a similar
incidence of seminal vesicle inflammation in each cohort (Table 1).
Furthermore, in mosaic animals, we observed an opposite trend
in the incidence of fatty metamorphosis of the liver, a lesion
documented in both mosaic and control cohorts (Table 1).
Together, these observations argued that Binl acted to limit the
development of inflammation and premalignant lesions during
aging.

Binl inhibits the development of lung adenocarcinoma and
hepatocarcinoma during aging. We previously noted a modest
hyperplasia in lungs of BinlKO/KO embryos harboring a complete
gene knock-out (Supplementary Fig. S1). This phenotype was not
seen in the Binl mosaic knock-out mice, which preserved sufficient
Binl function to complete development and which lacked any
apparent phenotype through ~ 1 year of age. In contrast, in older
mice of 18 to 20 months of age, there was a striking increase in the
incidence of lung tumors, with 47% of mosaic mice presenting with
tumors at this time compared with a single case seen in the control
group (Table 2 and Fig. 34). This observation suggested that the
hyperplasia in KO/KO embryonic lung may represent a premalig-
nant lesion possibly controlled in the mosaic setting until older age.
The lung tumors that arose were histopathologically defined as
intrabronchial in situ papillary carcinoma (A.P. Soler, data not
shown), establishing that they were of lung epithelial origin.
Background issues that defeat the use of Binl antibodies in staining
mouse tissues prevented us from performing an immunohistologic
analysis of Binl in normal or tumor lung tissues; however, Northern
and quantitative reverse transcription-PCR analyses confirmed a
relative reduction in Binl RNA levels in tumors arising in mosaic
animals compared with normal tissues (Supplementary Fig. $2). In
human tissues where Binl antibodies are fully validated for
immunohistochemical analysis (28), we were able to examine
immunohistochemical status in lung and lung adenocarcinoma. In
normal bronchial epithelia and stage I tumors (localized disease),
we documented strong Binl expression, whereas in cases of stage II
to IV lung adenocarcinoma reduced expression was apparent
(Supplementary Fig. S3). The patterns of normal expression and
immunohistochemical losses in tumors was reminiscent of that
seen in other epithelial tumors such as breast and prostate tumors
(13, 14, 28). Taken together, these findings were internally

consistent in suggesting a role for Binl in the suppression of lung
carcinoma during aging.

In mice of 18 to 20 months of age, we also observed a smaller but
significant increase in the incidence of hepatocellular carcinoma
(HCC), with 6% to 11% of mosaic mice but no control mice
exhibiting tumors (Table 2 and Fig. 3B). As noted above, fatty
metamorphosis of the liver was documented in all animals but was
slightly reduced in mosaic animals (Table 2). Clinical studies
indicate that this lesion can be a precursor to cirrhosis and HCC,
but typically in association with alcohol abuse or obesity (29).
Further studies may reveal greater insight into the relationship
between Binl ablation and the incidence of fatty metamorphosis as
a possible precursor to HCC.

The effects of Binl ablation on cancer incidence during aging
were selective, insofar as mosaic and control mice displayed a
relatively similar incidence of lymphoma, a cancer that arises
commonly in old mice (Table 2). Taken together with the above
findings, we concluded that Binl acted as a negative modifier that
suppresses hepatocarcinoma and lung adenocarcinoma during
aging.

Binl inhibits colon carcinogenesis. We reasoned that a
modifier effect of Binl on spontaneous cancers arising in older
mice might also be manifested in carcinogen-induced cancers in
younger animals. To examine this possibility, we compared the
response of mosaic and control animals to i.p. administration with
DMH, a ras-activating carcinogen that induces gastrointestinal
cancers. In the protocol used, weekly treatment with DMH induced
mainly colon tumors. All animals in the mosaic group and all but
one animal in the control group presented with colon tumors at the
experimental endpoint of 27 weeks. However, invasive tumors were
displayed in 33% of the mosaic mice but none of the control ani-
mals. Moreover, tumor multiplicity was greater, and mouse weight
was reduced at the experimental endpoint, consistent with a more
progressive status of tumors in the Binl mosaic mice (Table 3
and Supplementary Fig. S4). Support for the clinical relevance of
these observations were provided by the results of a pilot
immunohistochemical study of Binl status in 30 cases of human
colon carcinoma. In normal colonic epithelia, strong progressive
staining of villus cells was observed, similar to that documented
previously (28), whereas >50% of the carcinomas examined showed
strongly reduced expression of Binl (Supplementary Fig. S5). Taken
together, these observations reinforced and extended the conclu-
sion that Binl acts to suppress the development and/or
progression of epithelial cancers of the colon, lung, and liver.

Table 2. Tumors arising in aging Bin1 mosaic mice

Tissue Bin1 mosaic —/— (N = 19) Bin1 mosaic +/— (N = 32) Bin1+/+ (N = 12)
Lung

Adenocarcinoma 9/19 (47%) 15/32 (47%) 1/12 (8%)
Liver

HCC 2/19 (11%) 2/32 (6%) 0/12 (0%)
Lymph node

Lymphoma 2/19 (11%) 5/32 (16%) 1/12 (8%)

the table, all the events are noted for the corresponding control group.

NOTE: Tumors were scored macroscopically in animals of 18 to 20 mo of age at necropsy and subsequently verified by histologic examination. If less
than two events of an abnormality were scored in the mosaic cohort, they are not listed, based on a lack of significance; but for abnormalities noted in
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Figure 3. Lung and liver tumors in Bin1
mosaic mice at 18 to 20 mo of age.
Normal tissues from age-matched control
animals are shown, along with histologies
of representative tumors from mosaic
animals.

Discussion

Genetic modifier pathways dramatically influence rates of
cancer initiation and progression (30, 31). Using a genetically
mosaic mouse model that bypasses perinatal lethality associated
with systemic inactivation of Binl, we have identified physiologic
roles for this gene as a negative modifier of fecundity and cancer
susceptibility during aging. Genetic mosaics have been used widely
to study otherwise lethal mutations in Drosophila (32), but this
approach has been used little in mice despite its ability to
successfully rescue embryonic lethal phenotypes (33). Our strategy
using a mutated loxP site proved advantageous in several ways.
First, it eased production of the desired ES cell line by facilitating

selective in vitro deletion of the neo marker while leaving the
targeted sequences intact (34). At this stage in strain construction,
the desired partial recombination event in a “tri-lox” ES allele
usually occurs rarely, sometimes preventing the ability to obtain
the desired cell clone for chimera generation. Thus, introducing a
point mutation into the 3"-most loxP site conferred a selective
advantage to achieve Cre-mediated excision of the marker in vitro
within a tri-lox allele without abolishing Cre-mediated excision of
the floxed target sequences in vivo. Second, the presence of the
mutated loxP site elevated the efficiency of mosaic animal
generation by skewing the recombination pattern from complete
recombinants occurring at the one-cell stage of development to

Table 3. Bin1 ablation drives progression during colon carcinogenesis

Genotype Tumor incidence n* Mouse weight at endpoint (g) Early " Noninvasive * Invasive’
Binl+/+ 9/10 1.8 + 04 302 + 1.7 1/9 8/9 0/9
Binl mosaic —/— 10/10 23+ 05 265 + 06 0/9 6/9 3/9

*Number of tumors per colon scored (multiplicity).
TSubmucosal tumors.

*Mucosal tumors, no muscle invasion apparent.
§Muscle-invasive tumors.

NOTE: Mice in mosaic and control groups (n = 10) were treated with DMH to induce colon tumors as described in the Materials and Methods. Tumors
were harvested from euthanized animals at necropsy and processed for histology. Age at euthanasia was 7.8 to 8.0 mo for all DMH-treated mice.
Representative examples of tumor histologies are presented in Supplementary Fig. S3.
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mosaic recombinants occurring after oocyte division had begun.
Lastly, using this strategy, we learned that delivering the cre allele
through the father recombination occurs with much lower
efficiency when than through the mother. Thus, we were able to
develop breeding strategies to allow efficient generation of mosaic
animals and non-recombinant control animals, despite the
common presence of the Ella transgene.

Although the systemic disruption of Binl causes ventricular
hypertrophic cardiomyopathy and perinatal lethality (21), mosaic
animals readily survived to adulthood even in situations where
there was a significant nullizygosity in all organs including the
heart. This result indicates that the presence of a subset of wt cells
in the animal is sufficient to compensate for the developmental
defect associated with BinlI loss. However, with regard to its role as
a suppressor gene, our findings suggested that Binl may be
haploinsufficient in its ability to fully limit the development of
premalignant lesions and certain cancers during aging. This finding
may explain why in human cancers, one usually see attenuations
rather than homozygous deletions of Binl, because partial losses
may be sufficient to functionally abrogate its tumor suppressor
activity.

We found that Binl attenuation increased fecundity during
aging, but at the cost of elevating age-associated inflammation
and cancer. Recent studies suggest that Binl helps coordinate
normal stress responses, and that it supports mammary gland
remodeling during pregnancy (16, 22, 35). These roles are
compatible with a tumor suppressor function, but how they may
relate to effects on the period of female fecundity during aging is
not yet known. Some tumor suppressor genes exhibit antagonistic
pleiotropy, supporting fitness early in life but at a later cost to
aging that exerts little evolutionary impact because the deficits
accrue after reproduction is complete (36). Because the benefits of
increased fecundity seemed to accrue in Binl mosaic mice before
cancers were detected, it is uncertain whether Binl fits this model.
In any case, it is tempting to speculate that these disparate
phenotypes may be linked by previously documented effects of
Binl loss on elevating expression of the enzyme indoleamine 2,3-
dioxygenase (IDO), a potent regulator of T cell immunity (37). In
cancer cells, IDO elevation caused by Binl attenuation can drive
tumoral immune escape and progression (17). In pregnancy, IDO
elevation in the placenta limits T cell activation by foreign
paternal antigens, stabilizing pregnancies by preventing concep-
tus rejection (38). In future work, it will be important to determine
whether the two phenotypic manifestations associated with Binl
loss during aging in the mouse are causally related to dysregu-
lation of IDO activity.

We noted an increased incidence of inflammation and/or
premalignant lesions in the heart, pancreas, liver, and prostate of
Binl mosaic mice during aging. Myocarditis was an interesting
phenotype given that systemic inactivation Binl causes cardiomy-
opathy during development (21), and that the human Binl gene
maps to a susceptibility locus for the development of dilated
cardiomyopathy (39). Our observations suggest that Birnl might
modify disease in this setting by influencing cardiac inflammation
during aging. In Binl mosaic mice, we also observed a modest
increase in the incidence of pancreatitis, a known risk factor for
pancreatic cancer. More dramatically, aging mosaic mice displayed
an increase in prostatitis and prostate hyperplasia and in the frank
premalignant lesions of prostate atypia and intraepithelial
neoplasia. These findings were particularly notable given the
evidence that loss of heterozygosity and expression of Binl occur

often in human cases of metastatic prostate cancer (14). Thus, by
promoting inflammation, our findings suggest that Binl attenua-
tion might contribute to prostate tumorigenesis during aging or in
settings where appropriate initiating lesion(s) are present.

We found that Binl ablation greatly increased the incidence of
lung adenocarcinoma during aging, with a lesser increase in HCC
also evident. Tumor susceptibility varies widely among laboratory
mouse strains, but lung and liver cancers occur rarely even in elderly
mice. For example, with regard to lung tumors in strains relevant to
this study, a lifetime incidence of lung tumors of 1% to 3% has been
reported for C57BL/6 (Mouse Genome Informatics) and of 7.7% with
a latency of ~ 21 months has been reported for FVB-N (40). In our
work, aged-matched Binl+/+ control mice on the same mixed strain
background exhibited only one case of lung cancer consistent with
the published low rate of incidence. Further evidence that Binl
suppresses cancer was provided by the finding that Binl mosaic
mice were more susceptible to colon carcinogenesis, where Binl
ablation heightened the progression status of arising tumors. This
finding corroborates and extends a recent study showing that
mammary gland-specific deletion of Binl is insufficient to initiate
tumor formation, but sufficient to drive tumor progression (22).
Here, we emphasize that the findings of both studies are consistent:
breast cancers were not expected to arise in mosaic mice, because
mammary gland-specific deletion of Binl is insufficient for
development of breast cancer during a similar 2-year period which
is sufficient to yield development of lung and liver cancers in mosaic
mice where Binl was more widely inactivated. Consistent with
previous findings (22), we found that mosaic mice exhibit a
heightened progression status (more advanced histology) following
the induction of 7,12-dimethylbenz(a)anthracene (DMBA)-induced
breast cancers.® In summary, Binl can limit cancer incidence or
progression in different settings, perhaps related to the extent to
which its role in limiting inflammation may be important at different
stages of tumor development in those settings.

Because Binl suppresses tumor formation in part by cell
nonautonomous mechanisms that support immune surveillance
(17), our findings prompt further study of the effects of tissue-
specific ablation of Binl in lung, liver, and colon epithelial cells. In
humans, cancers of the lung, liver, colon, and prostate occur usually
in elderly individuals. Given evidence of frequent immunohisto-
chemical losses of Binl in human lung and colon cancers,
paralleling related findings in breast and prostate cancers (1, 13,
14, 28, 41), the striking age-associated cancer phenotypes in the
Binl mosaic mice argues that such losses may be clinically relevant.
In this regard, further studies of the mosaic model may permit new
insights into cancer pathophysiologies associated with immune
escape, inflammation, and aging.
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A Kkey in vivo antitumor mechanism of action of natural product-based
brassinins is inhibition of indoleamine 2,3-dioxygenase
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Agents that interfere with tumoral immune tolerance may be
useful to prevent or treat cancer. Brassinin is a phytoalexin,
a class of natural products derived from plants that includes
the widely known compound resveratrol. Brassinin has been
demonstrated to have chemopreventive activity in preclinical
models but the mechanisms underlying its anticancer
properties are unknown. Here, we show that brassinin and
a synthetic derivative S-bromo-brassinin (5-Br-brassinin) are
bioavailable inhibitors of indoleamine 2,3-dioxygenase
(IDO), a pro-toleragenic enzyme that drives immune escape
in cancer. Like other known IDO inhibitors, both of these
compounds combined with chemotherapy to elicit regression
of autochthonous mammary gland tumors in MMTYV-Neu
mice. Furthermore, growth of highly aggressive melanoma
isograft tumors was suppressed by single agent treatment
with 5-Br-brassinin. This response to treatment was lost in
athymic mice, indicating a requirement for active host T-cell
immunity, and in IDO-null knockout mice, providing direct
genetic evidence that IDO inhibition is essential to the
antitumor mechanism of action of S-Br-brassinin. The
natural product brassinin thus provides the structural basis
for a new class of compounds with in vivo anticancer activity
that is mediated through the inhibition of IDO.

Oncogene advance online publication, 19 November 2007,
doi:10.1038/sj.onc.1210939

Keywords: IDO; INDQO; tumoral immune tolerance;
immunotherapy; targeted therapeutics; tryptophan

Introduction

Indoleamine 2,3-dioxygenase (IDO) is a monomeric,
heme-containing enzyme that catabolizes the essential
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amino acid tryptophan (Hayaishi et al., 1984). Whereas
a second liver-specific enzyme, tryptophan dioxygenase
(TDO2), is responsible for maintaining tryptophan
homeostasis, IDO has an immunomodulatory role that
is mediated through effects of tryptophan catabolism on
T cells (Mellor and Munn, 2004). An interferon-
inducible enzyme, IDO is elevated at sites of inflamma-
tion and immune privilege. IDO was first established as
an important pro-toleragenic enzyme in a seminal in vivo
study that utilized the bioavailable IDO inhibitor 1-
methyl-tryptophan (IMT) to elicit immune rejection of
allogenic concepti during pregnancy (Munn et al., 1998).
Significantly, IDO plays a similar pro-toleragenic role in
the pathophysiological context of tumors. The IDO
enzyme was first identified, in part, through findings of
elevated tryptophan catabolism in cancer patients that
could not be ascribed to TDO2 (Hayaishi et al., 1984)
and recent reports have associated IDO elevation with
less favorable outcomes in certain cancers (Okamoto
et al., 2005; Brandacher et al., 2006; Ino et al., 2006).
Pharmacological intervention in tumoral immune escape
is a novel concept for which IDO is a leading target
(Muller and Scherle, 2006) based on preclinical evidence
that small molecule inhibitors of IDO can effectively
cooperate with chemotherapy to elicit regression of
established tumors in mice (Muller et al., 2005).

Plants produce a vast array of chemically complex
compounds that have been a valuable source for the
discovery of novel chemotherapeutic agents and cur-
rently there is particular interest in the development of
botanicals for chemoprevention (Chemoprevention
Working Group, 1999; Park and Pezzuto, 2002). Among
the potentially active components identified, some of the
most promising are phytoalexins. Resveratrol is perhaps
the best known of this class of anti-microbial com-
pounds, which are synthesized by plants in response to
various stresses (Muller, 1958). Brassinin ([3-(S-methyl-
dithiocarbamoyl)aminomethyl indole]), first isolated
from Chinese cabbage inoculated with Pseudomonas
chichorii (Takasugi et al., 1986, 1988), belongs to a
group of sulfur-containing, tryptophan-derived phyto-
alexins that are unique to crucifers (Mezencev et al.,
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2003). Brassinin has been shown to inhibit the formation
of carcinogen-induced preneoplastic lesions in mouse
mammary gland organ culture and to suppress papillo-
ma formation in the classical two-stage DMBA/TPA
skin carcinogenesis model (Mehta et al,, 1995). Re-
cently, we have shown that brassinin is a micromolar
inhibitor of the IDO enzyme and have evaluated the
IDO inhibitory activity of a large set of derivatized
variations of the brassinin core structure in order to
investigate structure—activity relationships (Gaspari
et al., 2006). In this study, we provide direct in vivo
evidence that brassinin-based compounds can act as
anticancer agents through their ability to inhibit IDO.

Results

IDO has wide substrate specificity for compounds
containing an indole structure (Malachowski et al.,
2005). Evaluating commercially available indole-con-
taining compounds, we have identified several molecules
with IDO inhibitory potencies of less than 100 puMm
(Figure 1), including a methylthiohydantoin derivative
of tryptophan that has been described previously
(Muller et al., 2005). Of particular interest among these
molecules were two natural products with chemo-
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Figure 1 Indole-containing natural products and derivatives that
scored positive in a screen for IDO inhibitors.
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preventive properties—3,3’-diindolylmethane, the primary
metabolic product of indole-3-carbinol and brassinin
(Figure 1). Based on its superior potency, specificity and
bioavailability, we focused work in this study on brassinin
and a synthetic derivative, 5-bromo-brassinin (5-Br-
brassinin; Figure 1).

Brassinin and 5-Br-brassinin both behaved as competi-
tive inhibitors of the tryptophan catabolic activity of
recombinant human IDO enzyme in a cell-free enzyme
assay, with K; values (Table 1) below the 35uM value
obtained for the widely used IDO inhibitor D,L-1MT (Hou
et al., 2007). The potency of IMT is substantially
attenuated in cell-based assays, with ECs, values in the
100 uM range (Hou er al., 2007), but this was not a
significant issue for the two brassinin compounds.
Tryptophan catabolism by both human and mouse IDO
expressed ectopically in the COS-1 cell line was inhibited
by both compounds with ECs, values in the 25-35um
range (Table 1). In this same cell-based assay, activity of
recombinant human tryptophan 2,3-dioxygenase (TDO?2),
the hepatic enzyme which catabolizes tryptophan in the
same manner as IDO, was not significantly affected at
concentrations of either compound up to 100 uM (data not
shown). Cell viability profiles for both COS-1 cells, used to
perform the cell-based enzyme assay, and B16-F10 mouse
melanoma-derived cells, used in tumor experiments
described below, indicated no evidence of cytotoxicity or
growth suppression associated with exposure up to 100 um
of brassinin or 5-Br-brassinin (Figure 2).

Serum analysis from mice indicated that both brassinin
and 5-Br-brassinin are orally bioavailable. When formu-
lated for oral gavage in 50% hydroxypropyl B-cyclodex-
tran (HPBCD), an excipient that can improve drug
delivery (Davis and Brewster, 2004), 5-Br-brassinin was
found to have a superior pharmacologic profile (Figure 3),
exhibiting sustained levels in serum for up to 8h while
brassinin was essentially cleared by 3 h.

In mouse mammary tumor virus (MMTV)-Neu
transgenic mice, HER2/Neu expression controlled by
the MMTYV promoter drives the development of focal
mammary gland carcinomas (Guy et al., 1992) which
histopathologically resemble human ductal carcinoma
in situ (Cardiff and Wellings, 1999). We have previously
reported that continuous administration of IDO
inhibitory compounds, delivered by subcutaneously

Table 1 IDO inhibitory activity in cell-free and cell-based enzyme
assays
Compound K; (um)? ECsy (uMm)® ECsy (uM)°
(human) (human) (mouse)
Brassinin 27.9 37.9
5-Br-Brassinin 24.5 24.0

Abbreviations: 5-Br-Brassinin, 5-bromo-brassinin; IDO, indoleamine
2,3-dioxygenase. “K; values were determined by global nonlinear
regression analysis of enzyme kinetic data obtained using purified
recombinant human hiss-IDO. PECs, values for inhibition of both
human and mouse IDO enzymes expressed ectopically in COS-1 cells
were determined by nonlinear regression analysis of compound dose
escalation data.
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Figure 3 5-Bromo-brassinin (5-Br-brassinin) is cleared less rapidly
from serum than brassinin. HPLC-based pharmacokinetic analysis
was performed following administration of a single bolus dose of
either brassinin or 5-Br-brassinin by oral gavage at 400 mgkg™' in
50% hydroxypropyl B-cyclodextran excipient. Three mice were
evaluated per time point for serum levels of the administered
compound and the results graphed as the mean +s.d. Pharmaco-
kinetic parameters shown in the accompanying table were
calculated from the data by using PK Solutions 2.0 software
(Summit Research Services, Montrose, CO, USA).

implanted time-release pellets, can cooperate with
paclitaxel as well as other cytotoxic chemotherapeutic
agents to elicit regression of established mammary
gland tumors in this very stringent autochthonous
tumor model (Muller et al., 2005). More recently, we
have demonstrated that bolus oral delivery of the IDO
inhibitor IMT on a twice a day (b.i.d.) schedule can
also cooperate with paclitaxel to regress these tumors

(Hou et al., 2007). Based on their oral bioavailability in
HPBCD, we evaluated brassinin and 5-Br-brassinin
administered by oral bolus dosing at 400 mgkg™' twice a
day, a treatment regimen that likely approached the
maximum tolerated dose as the mice exhibited clear
evidence of compound-related toxicity which manifested
outwardly as the development of a scruffy appearance.
Delivered in this manner, neither compound alone
demonstrated significant single agent activity. Brassinin
in combination with paclitaxel did produce tumor
regressions; however, the effect was not of sufficient
magnitude to infer a statistically significant benefit
relative to paclitaxel treatment alone with the number
of tumors evaluated (Figure 4b). Rapid clearance of this
compound following bolus dose delivery may account
for this rather limited response relative to our previous
experience with other IDO inhibitory compounds
(Muller et al., 2005). In contrast, the more pharmaco-
logically stable compound 5-Br-brassinin in combina-
tion with paclitaxel did produce an effect that was
significantly better than paclitaxel treatment alone
(Figure 4b). Collectively, these data are consistent with
the conclusion that these brassinin-based compounds
are able to target IDO effectively in vivo and add to the
number of structurally distinct compounds with IDO
inhibitory activity that can cooperate with the cytotoxic
chemotherapeutic drug paclitaxel to regress autochtho-
nous mammary carcinomas in this mouse breast cancer
model.

To directly test the antitumor mechanism of action of
the brassinin compounds in vivo, we have conducted
studies using B16-F10 melanoma isografts which do not
express IDO directly in the tumor but rather accumulate
IDO-expressing, toleragenic plasmacytoid DCs in the
tumor draining lymph node (Munn et al., 2004). The
IDO inhibitor IMT, although lacking significant single
agent activity, cooperatively suppressed growth of B16-
F10 tumors in combination with chemotherapeutic
agents or tumor irradiation (Hou et al., 2007), consistent
with IDO-expression in host stromal cells being the

w
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Figure 4 Brassinin and 5-bromo-brassinin (5-Br-brassinin) com-
bine with paclitaxel chemotherapy to regress established breast
tumors. Parous MMTV-Neu mice with 0.5-1.0 cm mammary gland
tumors were randomly enrolled for 2-week treatment studies.
Tumor volume determinations were made at the beginning and end
of the treatment period. Cohorts receiving brassinin or 5-Br-
brassinin were administered compound p.o. at 400 mgkg~' b.i.d. in
50% hydroxypropyl B-cyclodextran for 5 consecutive days during
the first week of treatment. Paclitaxel was administered to the
indicated cohorts i.v. at 13.3mgkg~' q.i.d. 3 x per week over the
entire course of the 2-week treatment period. Each point represents
the fold change in volume for an individual tumor with the
mean * s.e.m. indicated for each group. P-values for the differences
in outcome between groups receiving paclitaxel and combination
treatments were determined using a nonparametric, two-tailed
Mann—Whitney test.

relevant target in this tumor model. We confirmed that
IDO expression was undetectable in the B16-F10 cell
line (Figure 5a). Neither the D nor L isomer of 1IMT
produced significant growth inhibition when adminis-
tered as single agents and a similar outcome was
obtained with brassinin (data not shown). On the other
hand, 5-Br-brassinin treatment produced significant
suppression of B16-F10 tumor outgrowth (Figure 5b).
This effect of 5-Br-brassinin treatment on tumor out-
growth was not evident in athymic nude mice
(Figure 5c), indicating that its mechanism of action
requires T cell-based immunity and is not mediated
through a direct cytotoxic effect on the tumor. Because
B16-F10 tumors do not express any detectable 1DO,
such that the stromal compartment is the only source of
IDO activity (Munn et al., 2004), it was possible also to
directly test the relevance of IDO as a target by
performing the experiment in genetically modified,
syngeneic mice in which both alleles of the Indo gene
were functionally disrupted (IDO-null). In the context of
the IDO-null host, 5-Br-brassinin had no impact on
tumor growth (Figure 5d). The results of this experi-
ment, therefore, genetically define IDO as a therapeu-
tically essential molecular target of 5-Br-brassinin in this
in vivo tumor model.

Oncogene

Discussion

In this study, we have shown that, as with other IDO
inhibitory compounds, brassinins can be delivered
in vivo to leverage the effectiveness of chemotherapy
against established tumors in an autochthonous mouse
model of breast cancer. Moreover, we have directly
demonstrated that the brassinin-based compound 5-Br-
brassinin can suppress tumor outgrowth through a
T cell-dependent mechanism that obligately involves
IDO. Cruciferous vegetables have garnered a great deal
of attention due to their anticancer properties (Murillo
and Mehta, 2001), and brassinin is a constituent of
crucifers with demonstrated anticancer activity in mouse
tumor models. While a variety of possible molecular
mechanisms have been proposed to explain this activity,
none has been directly validated in vivo. In particular,
brassinin is cited as an inducer of quinone reductase
(QR) based on data from a mouse mammary gland
organ culture model in which incubation with 220 um
brassinin for 3 days resulted in a fourfold increase in
QR activity (Mehta et al.,, 1995). QR is a phase II
enzyme that detoxifies mutagenic carcinogens, and as an
inducer of this enzyme, brassinin would be predicted to
act as an ‘anti-initiator’. However, the same study found
that, in the two stage DMBA/TPA skin carcinogenesis
model, brassinin acted instead as an ‘anti-promoter’
with no apparent impact on the initiation stage of
carcinogenesis (Mehta et al., 1995). Unlike QR, IDO is
likely to affect the promotional stage of carcinogenesis
and, indeed, TPA is a powerful proinflammatory
contact-sensitizer that would be expected to substan-
tially elevate levels of IFNy, the principle cytokine
inducer of IDO, in the draining lymph nodes (Thomson
et al., 1993).

The B16-F10 tumor isograft data reported here
clearly indicate that inhibition of host IDO activity is
essential for the single agent suppression of tumor
outgrowth by 5-Br-brassinin. This degree of efficacy is
rather remarkable when compared with other agents
that target immune-based pathways. For example, the
costimulatory molecule CTLA4 is a powerful antagonist
of T-cell activation that may act, at least in part, by
elevating IDO (Grohmann et al., 2002). However, in the
B16-F10 tumor model, CTLA4 monoclonal antibody
blockade failed to elicit a single agent response,
(although it produced significant autoimmunity), effect-
ing tumor growth suppression only when administered
in conjunction with a granulocyte-macrophage colony-
stimulating factor transduced tumor cell vaccine
(GVAX) (Quezada et al., 2006).

Administration of brassinin, unlike 5-Br-brassinin,
did not significantly impact B16-F10 tumor growth,
perhaps simply reflecting inferior pharmacokinetics.
However, since the IDO inhibitor IMT also does not
show single agent activity in the B16-F10 tumor model
either, it is also possible that IDO inhibition may be
necessary but not sufficient to account for the ability
of 5-Br-brassinin to suppress B16-F10 tumor growth.
Previously, IMT has been shown to cooperate with
various cytotoxic agents (cyclophosphamide, gemcitabine,
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Figure 5 5-Bromo-brassinin (5-Br-brassinin) treatment elicits T cell-dependent suppression of B16-F10 tumors through inhibition of
host indoleamine 2,3-dioxygenase (IDO). (a) Absence of detectable IDO expression in BI6F10 cells. Northern blot analysis of total
RNA from B16-F10 cells, untreated and following 24 h exposure to 100ngml~" interferon-y (IFNy). Total RNA from 4TI cells
stimulated with IFNy, which produces a modest elevation in IDO message level, was used as the positive control. (b) 5-Br-brassinin
exhibits single agent activity to suppress the outgrowth of B16-F10 tumors. 5-Br-brassinin treatment was initiated 7 days following
subcutaneous challenge of C57BL/6 mice with 1 x 10° B16-F10 melanoma-derived cells. Compound in 50% HPBCD was administered
p-o. at 400 mgkg' b.i.d. 5 days a week until termination of the experiment. Caliper measurements of tumors were recorded biweekly.
The mean + s.e.m. from these measurements is plotted for each group. To compare the two groups at the 4-week end point of the study,
a nonparametric, two-tailed Mann—Whitney test was performed to generate the P-value shown. (¢) Suppression of B16-F10 tumor
outgrowth by 5-Br-brassinin is dependent on T-cell immunity. Athymic NCr-nu/nu mice were challenged with B16-F10 and treated
with 5-Br-brassinin as in (b). (d) 5-Br-brassinin targets host IDO to suppress B16-F10 tumor outgrowth. IDO knockout mice were
challenged with B16-F10 and treated with 5-Br-brassinin as in (b).
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IR) to suppress B16-F10 tumor growth (Hou et al., 2007).
Analogous to these agents, 5-Br-brassinin may have an
intrinsic cytotoxic effect that enhances its antitumor
activity. Although we observed no discernable impact
of brassinin or 5-Br-brassinin at concentrations up to
100 uM on the viability of either B16-F10 or COS-1 cells,
other groups have reported that at similar concentrations
brassinin can reduce the number of viable cells in a 72h
assay by 25-50% relative to controls among different
cancer cell lines tested including B16-F10 (Sabol et al.,
2000; Pilatova et al., 2005; Csomos et al., 2006). While
our finding that 5-Br-brassinin treatment had no signi-
ficant impact on B16-F10 tumor growth in athymic nude
mice clearly indicates that any direct cytotoxic effect that
this compound may have is not sufficient to account for
its antitumor activity in vivo, these data do not rule out
that mild cytotoxicity might contribute to therapeutic
efficacy. It will be important to further explore such
mechanistic questions to fully understand how to best
develop the antitumor mechanism of action associated
with brassinin-based compounds.

A key finding of this study is that 5-Br-brassinin
treatment substantially suppressed B16-F10 tumor
growth in wild-type mice but not IDO-null mice.
However, these data also apparently indicate that a
complete absence of IDO in the host is irrelevant to
tumor outgrowth since comparable growth rates
were observed in IDO-null and wild-type mice in the
absence of compound treatment. These results recapi-
tulate observations made in pregnancy studies in which
acute exposure to the IDO inhibitor IMT resulted in
immune rejection of allogeneic concepti while the
viability of allogeneic concepti was normal in genetic
knockout mice but was no longer affected by 1MT

treatment (Munn et al., 1998; Baban et al., 2004). One
possible explanation given for these apparently dichot-
omous results is that compensatory mechanisms may
come into play in the knockout mice (Baban er al.,
2004). In the context of cancer, these data suggest that,
while IDO may not be the only possible immune escape
mechanism, when IDO is available to tumors they may
preferentially become dependent on it for continued
growth in what might be termed ‘tolerance addiction’.

Because targeting tumoral immune tolerance is a
unique approach to cancer treatment, the use of IDO
inhibitors in combination with other types of agents
may represent the best opportunity to simultaneously
attack tumors on multiple fronts. Evidence from mouse
tumor models already supports the possible use of
IDO inhibitors with certain chemotherapeutic drugs
(Muller et al., 2005; Hou et al., 2007) and it seems likely
that IDO inhibitors will enhance cancer vaccines and
other approaches that aim at stimulating immune
effector function as well. IDO inhibitors might also be
used to intervene earlier in the process of immune
editing when the nascent tumor is not as plastic. For
this sort of chemopreventive strategy, administration of
IDO inhibitors through dietary uptake would be a
particularly attractive means of delivery, and further
study of the pharmacodynamic impact of cruciferous
vegetable consumption on IDO activity should be
pursued.

Materials and methods

Chemical compounds
Brassinin was synthesized as described (Gaspari et al., 2000).
5-Br-brassinin was synthesized by the Advanced Synthesis
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Group (Newark, DE, USA). HPBCD was purchased from
Cargill Inc. (Cedar Rapids, 1A, USA).

Cell culture

COS-1 monkey cells and B16-F10 mouse melanoma cells
(ATCC, Manassas, VA, USA) were cultured with Dulbecco’s
modified Eagle’s medium (DMEM) (Invitrogen Corporation,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS) (Hyclone, Logan, UT, USA) and 1% penicillin-
streptomycin (Invitrogen) at 37 °C in 5% CO,.

Mice

C57BL/6 and FVB-strain MMTV-Neu transgenic mice were
obtained from the Jackson Laboratory. Athymic NCr-nu/nu
(nude mice) were obtained from NCI-Frederick. IDO knock-
out mice have previously been described (Baban et al., 2004).
Studies involving mice were approved by the institutional
animal use committee of the Lankenau Institute for Medical
Research.

IDO enzyme assays

The cell-free IDO enzyme assay was performed in a 96-well
microtiter plate with active recombinant human hisg-IDO
enzyme purified by sequential chromatography over phospho-
cellulose and Ni-NTA agarose columns from E.coli strain
BL21DE3pLysS transformed with pet5SAhisghulDO as
described (Gaspari et al., 2006). The reaction mixture for
carrying out the enzyme assay contained 50 mM potassium
phosphate buffer (pH 6.5), 40mM ascorbic acid, 400 pgml™'
catalase, 20 uM methylene blue. Enzyme activity was assessed
for each IDO preparation and the amount of enzyme used in
the assay was based on this determination. The substrate
L-tryptophan (100 mM stock in 0.1 N HCI) was serially diluted
from 200 to 25puM. Inhibitors were dissolved in DMSO to
make 100 mM stock solutions and assessed at final concentra-
tions of 100 and 50 uM in a total reaction volume of 200 pl.
Reactions were carried out at 37°C for 60 min, stopped by
adding 30% (w/v) trichloroacetic acid, and then heated at
65°C for 15min to convert kynurenine to N-formyl-kynur-
enine. Plates were then spun at 6000g for Smin, 100 pl
supernatant from each well was transferred to a new 96-well
plate and mixed with 2% (w/v) p-dimethyl benzaldehyde
(Sigma-Aldrich, St Louis, MO, USA) in acetic acid. The
yellow color generated from the reaction with N-formyl-
kynurenine was quantitated at 490 nm using a Synergy HT
microtiter plate reader (Bio-Tek, Winnooski, VT, USA). The
data were analysed by using Prism 4 software (Graph Pad
software, Inc., San Diego, CA, USA).

Cellular activity of selected compounds was assessed against
both the human and mouse IDO enzymes transiently expressed
in COS-1 monkey cells in a 96-well assay as described (Muller
et al., 2005). COS-1 cells at 2.5x 10* cells per well were
transected overnight with pcDNA3.1-based expression plas-
mids in Opti-MEM I media (Invitrogen) using polyethylenei-
mine (Sigma-Aldrich), replaced the next day with standard
growth medium (DMEM supplemented with 10% FBS and
antibiotics). The following day, compounds solubilized in
DMSO were serially diluted into plate wells (final DMSO
concentration was no more than 1:1000). Plates were sealed in
plastic wrap and incubated 16h at 37°C in a humified CO,
incubator. Reactions were terminated by withdrawing 140 pl
media per well and mixing thoroughly into 10ul 26%
trichloroacetic acid (TCA) in wells of a new plate. Stopped
reactions were heated at 65°C for 15min to convert
kynurenine to N-formyl-kynurenine, which was processed
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and quantitated as above. The data were analysed by using
Prism 4 software.

In vitro cytotoxicity assay

Compound cytotoxicity was assessed using the sulforhodamine
B (SRB) viable cell assay (Skehan et al., 1990). Cells were
seeded into 96-well tissue culture plates at densities (2000 cells
per well) which allowed untreated cells to reach a nearly
confluent state after 4 days. Cells were treated with serial
dilutions of brassinin and its 5-Br analogue 24 h after seeding.
The SRB cytotoxicity assay was performed following 72h of
compound exposure. Cells were fixed with 50% trichloroacetic
acid and stained with 0.4% (w/v) SRB (Sigma-Aldrich)
dissolved in 1% acetic acid. Unbound dye was removed by
four washes with 1% acetic acid, and protein bound dye was
extracted with 10 mM unbuffered Tris base (pH 10.5) for 5 min.
Optical density was read at 570nm using a Synergy HT
microtiter plate reader.

Pharmacokinetic studies

MMTV-Neu mice were orally gavaged with 0.1ml of a
sonicated suspension of the desired compound (400 mgkg™")
in 50% HPBCD. Blood was collected at different intervals
and serum prepared using the Stat Sampler Kit (Statspin,
Norwood, MA, USA) following the vendor’s instructions.
Serum samples were stored at —80 °C. Samples were processed
by extracting twice with 300pl of ters-butyl methyl ether
(Sigma-Aldrich) per 100pl of serum. Organic and aqueous
phases were separated by centrifugation (2800¢ for 10 min),
transferred to a fresh microfuge tube, and evaporated to
dryness in the presence of 15pul DMSO. Extracted samples in
DMSO were diluted to 110 pl with 1:4 mixture of acetonitrile:-
water and then analysed by high-pressure liquid chromato-
graphy on a 250 x 4.5mm Luna 5u C18 column (Phenomenex,
Torrance, CA, USA). The mobile phase consisting of
acetonitrile-water and solutes was eluted at a flow rate of
1.0 ml per minute in a 0-90% acetonitrile gradient for the first
7min and in 90% acetonitrile for an additional 8min.
Columns were re-equilibrated with water for 20 min between
samples. Serially diluted solutions of brassinin and 5-Br
brassinin in 1:4 acetonitrile:water served as standards. The
analyte was detected by UV detector at 278 nm and the peak
area was quantified using Windaq software (DataQ Instru-
ment, Akron, OH, USA).

Tumor formation and drug response

For autochthonous mammary gland tumor treatment studies,
parous, FVB-strain MMTV-Neu mice expressing the wild-type
form of the rat HER2/Neu proto-oncogene were used as
described (Muller et al., 2005). When subjected to two rounds
of pregnancy and lactation, the incidence of palpable tumors
in this model is ~80% by 7 months of age and increases to
nearly 95% by 8 months. Tumor-bearing animals were
enrolled randomly in control and experimental groups when
tumors reached 0.5-1.0cm in diameter for 2-week treatment
response studies. Brassinin compounds were delivered for the
first five consecutive days in 50% HPBCD excipient by oral
gavage b.i.d. at 400mgkg~' while control animals received
vehicle only. For those animals receiving paclitaxel, treatment
was initiated concurrent with the administration of brassinin
compounds and delivered by bolus i.v. injection into the tail
vein on a schedule of 3 x per week. At the end of the 2-week
treatment period, tumors were excised from euthanized
animals and volumes were determined. Graphing and statis-
tical analysis of the data was performed by using Prism 4
software.



B16-F10 melanoma-derived cell line isograft tumor challenge
experiments were carried out as described (Hou et al., 2007).
1 x 10° cells were injected subcutaneously into mice at day 0 of the
experiment, and treatment was initiated at day 7 following initial
tumor cell engraftment. Tumor growth was monitored by perfor-
ming caliper measurements of orthogonal diameters and the
estimated tumor volume was calculated based on the formula
for determining a prolapsed elliptoid (& x 1/0.52) where d is the
shorter of the two orthogonal measurements. Graphing and statis-
tical analysis of the data was performed by using Prism 4 software.
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Abstract. Increased activity of the tryptophan-catabolizing enzyme indoleamine 2.3-dioxygenase
(IDO), encoded by the INDO gene, has been associated with a broad spectrum of cancers and is
implicated in the pathophysiological process of tumoral immune escape. Our interest in IDO grew
out of the finding that disruption of the Bin/ anti-cancer gene in oncogenically transformed mouse
cells can lead to elevated interferon-y mediated induction of /ndo gene expression that is associated
with immune escape. Using the prototypical IDO inhibitor 1-methyl-tryptophan (1MT), we
demonstrated synergistic cooperativity with cytotoxic chemotherapy in an autochthonous mouse
breast cancer model. Of the two stereoisomers of IMT, the D isomer has been demonstrated to be a
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substantially less potent inhibitor.of the IDO enzyme. However, in tolerogenic, IDO-expressing 20
dendritic cells (DCs), D-1MT is as effective as L-1MT at blocking tryptophan catabolism and is 21
actually superior at abrogating T cell suppression. This is consistent with data obtained in two mouse 22
breast cancer models in which IDO is predominantly expressed in DCs within the tumor-draining 23
lymph nodes. In both of these models D-1MT was more effective than L-1MT as an anti-tumor 24
agent. We have recently discovered that a previously undocumented, IDO-related enzyme, referred 25
to here as IDO2, is preferentially inhibited by D-1MT. The relative importance of targeting IDO 26
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versus IDO2 with inhibitory compounds and the possibility of cross-talk between these two enzymes 27

is currently being evaluated. © 2007 Published by Elsevier B.V. 28
29
Keywords: Indoleamine 2,3-dioxygenase; IDO; 1-methyl-tryptophan; Immune tolerance; Tumoral immune 30
escape; Cancer 31
32
1. Introduction 33

The interactions that occur at the host tumor interface are complex and dynamic, but, 34
fundamentally, tumors are dependent on the host environment for their survival and growth. 35
It should therefore be possible to target vulnerabilities at the host/tumor interface as a 36
therapeutic strategy. This general idea has recently received some degree of validation with 37
the approval of angiogenesis inhibitors for clinical use. Cancer and inflammation have long 38
been linked. The inflammatory environment is comprised of cytokines, chemokines and 39
growth factors, activated stroma, and DNA damaging agents all. of which can contribute to 40
tumorigenesis [1], and the importance of inflammation for promoting and sustaining tumor 41
growth is an area of active investigation. Chronic inflammatory diseases, such as 42
inflammatory bowel disease, or agents that induce inflammation; such as TPA, greatly 43
exacerbate local tumor susceptibility, while developing tumors typically promote a pro- 44
inflammatory environment. Inflammation, however, is also a key step in activating both 45
innate and adaptive immune responses, which should inherently increase the likelihood of 46
immune-mediated tumor rejection. This dichetomy imparts a strong selective pressure on 47
the tumor to overcome immune surveillance so as to maintain the benefits of an 48
inflammatory milieu while minimizing the danger. Cancer cells might accomplish this by 49
eliminating the external signals they present in order to evade anti-tumor immunity. 50
Another option is for the tumorto create a tolerogenic environment that suppresses anti- 51
tumor immunity. The former is passive, the latter is active, and while both these 52
mechanisms may be positively selected during the immune editing process [2], growing 53
evidence suggests that successful immune escape depends predominantly upon the 54
establishment of active pathological immune tolerance [3]. 55

Immunotherapeutic strategies such as cytokine and vaccine-based therapies have, to date, 56
concentrated predominantly on developing approaches to promote immune effector functions. 57
Overall these efforts have produced only a small proportion of positive clinical responses [4]. 53
Dominant mechanisms of immune tolerance could account for the low success rate achieved 59
with exogenous immune stimulation. The complexity of the inflammatory signaling networks 60
may also. lead toexogenous signals not eliciting the desired effect within the 61
pathophysiological context of the tumor. For instance IL-2, one of the first cytokines to be 62
used for immunotherapy, is clearly important for effector T cell activation but also promotes 63
the differentiation and survival of immunosuppressive regulatory T cells (Tycgs) [S]. As such, 64
IL-2 may have a counterproductive role in promoting self-tolerance which has recently led to 65
calls to rethink its widespread use in immunotherapeutic protocols in favor of other cytokines 66
that might be more effective at preferentially promoting anti-tumor responses [6]. Other than 67
IL-2, which has had some limited success, two other approaches to elicit immune responses 63
against solid tumors have been reported to produce objective clinical responses. Breaking 69
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immune tolerance is a key component to both of these approaches underscoring the notion that 7o
defeating pathological immune tolerance may be critical to mounting an effective anti-tumor 71
immune response. CTLA-4 is a T cell surface molecule closely related to the costimulatory 72
molecule CD28, but which antagonizes effector T cell responses. Unlike effector T cells, Treg 73
constitutively express CTLA-4 on their surface and CTLA-4 blockade with monoclonal 74
antibody can reportedly abrogate T,..-mediated suppression in humans [7]. In early clinical 75
trials for melanoma, CTLA-4 blockade in combination with vaccine therapy produced an 76
objective response rate of 13% [8]. Recent advances have been made in the approach of 77
adoptive cell transfer so that objective responses approaching 50% have been reported out of 78
early clinical trials. A key development for this procedure has been the incorporation of non- 79
myeloablative, lymphoablative whole body irradiation, which has a pronounced impact on so
alleviating toleragenic mechanisms that have become established in-conjunction with the s1
tumor [9]. 82

Small molecule drugs have a number of advantages relative to. biologics in terms of s3
production, delivery, titratability, and cost. However, the development of small molecule 84
agonists of immune function tends to be conceptually problematic and immunotherapeutic 85
approaches have instead focused on biologics, including cell, cytokine, and monoclonal- 86
based therapies. Targeting key enzymes involved in maintaining immune tolerance with 87
small molecule inhibitors should be more straightforward. As the mechanisms for tumoral 88
immune tolerance are elucidated, several nodes. for possible intervention with traditional 89
small molecule inhibitors have become apparent [ 10]. One that has recently been garnering 90
attention is the enzyme indoleamine 2,3-dioxygenase (IDO). 91

2. IDO in normal and pathological immune tolerance 92

IDO is an ubiquitously expressed enzyme, encoded by the INDO gene, which catalyzes the 93
initial and rate limiting step in the degradation of tryptophan along a pathway which can lead 94
to the biosynthesis of NAD " (nicotinamide adenine dinucleotide) [11,12]. IDO does not, 95
however, handle dietary catabolismof tryptophan, which is instead the role of the structurally 96
unrelated liver-specific enzyme tryptophan dioxygenase (TDO2), nor does it appear to be 97
critical for maintaining NAD levels, which in mammalian cells is predominantly the purview 9s
of salvage pathways. Instead, IDO'is an interferon-y (IFN-v) inducible enzyme and its pattern 99
of expression suggested early. on that IDO might be somehow involved in inflammation. 100
Detection of elevated levels of tryptophan catabolites in the urine of bladder cancer patients 101
was first reported in the 1950s [13,14]. The determination that this could not be attributed to 102
elevated activity of liver tryptophan oxygenase activity [15] led, in part, to the discovery of 103
IDO from rabbit intestine as an alternative enzyme that also catalyzes the breakdown of 104
tryptophan along the kynurenine pathway [11,16]. A general consensus was initially formed 105
around the idea of IDO elevation being a tumoricidal effect of [IFN-y exposure that operates by 106
starving the rapidly growing tumor cells of the essential amino acid tryptophan [17]. Recently, 107
however, it has been demonstrated that IDO modulates immune function by suppressing 108
cytotoxic T cell activation [18,19]. Because antigen presenting cells (APCs) can up-regulate 109
IDO in response to interferon-y (IFNvy?, which is produced by activated T cells), this 110
suggests that IDO may participate in a negative regulatory feedback loop for T cell activation. 111
The role of IDO in promoting immune tolerance was dramatically established by the 112
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demonstration that administration of the specific, bioactive IDO inhibitor 1-methyl- 113
tryptophan (IMT) [20] could elicit MHC-restricted, T cell-mediated rejection of allogeneic 114
mouse concepti [21,22], a result we have corroborated [23]. This finding has produced a 115
radical rethinking of the consequences of elevated IDO activity to developing tumors by 116
suggesting that this might be a means by which tumors promote pathogenic tolerization to 117
overcome tumor immunosurveillance. 118

3. Dysregulated Indo expression in transformed Binl-null cells is associated with 119
tumoral immune escape 120

Our interest in IDO as a potential therapeutic target originated from the finding that IDO 121
induction by interferon-y (IFN+y) is moderated by the cancer suppression.gene Bin/. Binl 122
is a nuclocytosolic protein that was first identified in a two-hybrid screen for cMyc- 123
interacting proteins [24]. It belongs to a family of genes that is. characterized by an 124
evolutionarily conserved N-terminal sequence of ~250 amino acids termed the BAR 125
domain, the crystal structure of which has been recently solved [25]. Frequent loss or 126
attenuation of Binl gene expression has been observed in advanced breast cancer [26], 127
prostate cancer [27], melanoma [28], neuroblastoma [29], and lung cancer [30]. At least 128
seven different mammalian Binl splice isoforms have been reported. A subset of these Binl 129
isoforms has been demonstrated to interact functionally with the proto-oncogenes cMyc 130
and cAbl, to suppress neoplastic transformation, and to induce programmed cell death in a 131
variety of malignant cell lines [24,31-34]. We have reported that Bin/ loss significantly 132
augments the induction of IDO expressionin response to IFN+y exposure by approximately 133
4-5 fold at 24 h [35]. This result was observed in the MR keratinocytes as well as in 134
macrophages, a cell type in which IDO expression and activity had been previously 135
documented [19]. The dysregulation of IDO expression as a result of Binl loss occurs 136
downstream of both the STAT1 and NF-xkB pathways [35]. 137

Keratinocytes derived from constitutive Bin/ knock-out embryos and transformed with a 138
combination of cMyc and H-Ras oncogenes (MR) were found to be much more tumorigenic 139
than their Binl expressing counterparts. In syngeneic animals, the Bin/+/— MR KECs 140
formed only small, indolent nodules while the Bin/—/— cells formed large aggressive tumors 141
that were on average >30-fold larger than those formed by the Bin/+/— cells over the same 142
four-week period. In marked contrast to these results obtained in immunocompetent mice, 143
Binl loss conferred no significant advantage to tumor growth in T cell deficient mice. 144
These resultsindicated that Bin/ loss could contribute to tumor formation in a cell-extrinsic 145
manner that is attributable to decreased T cell-mediated anti-tumor immunity. Consistent 146
with the hypothesis that IDO up-regulation promotes tumor outgrowth, we have shown that 147
treatment of mice with the bioavailable IDO inhibitory compound 1-methyl-tryptophan 148
(1MT) significantly impedes the outgrowth of Bin/—/— MR keratinocytes in vivo and that 149
this effect is dependent upon intact host T cell immunity [35]. 150

4. IDO inhibition cooperates with chemotherapy in mouse breast cancer models 151

The ability of IDO inhibitor treatment to suppress the outgrowth of transplanted tumors 152
raised for us the question of how effective targeting immune tolerance might be when 153
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applied to autochthonous tumors. To evaluate this hypothesis in a less contrived system 154
than the Binl—/— MR KECs cell isografts that we knew from the outset could overexpress 155
IDO, we began to explore this question in a well-accepted mouse model of breast cancer, 156
the MMTV-Neu ‘oncomouse’. Autochthonous MMTV-Neu mammary gland tumors are 157
induced by the overexpression of the c-Neu proto-oncogene, which is also frequently 158
elevated in human breast cancer [36,37]. MMTV-Neu transgenic mice present with 159
spontaneous focal adenocarcinomas that are very similar, both histologically and 160
cytologically, to human ductal carcinoma-in situ (DCIS) [38]. Several other criteria were 161
factored into the decision to use this breast cancer model. MMTV-Neu transgenic mice are 162
tolerized to Neu overexpression in tumors thereby mimicking a condition that'is observed 163
in patients [39], and the primary Neu epitope that is recognized by CTLs has been identified 164
[40] which will facilitate future studies on the role of IDO in immune tolerance. The model 165
is also relevant to clinical issues of chemotherapy resistance, since tumors. that arise in 166
MMTV-Neu mice are aggressive and poorly differentiated [41], and are refractory to a 167
number of clinical chemotherapeutics (unpublished observations). We have investigated the 168
possible anti-tumor effects of the IDO inhibitor 1MT either alone or in combination with 169
other agents. IMT treatment alone slowed tumor growth but did not reverse it, consistent 170
with other published observations [42,43]. This finding suggests that IDO inhibitor-based 171
immunotherapy may have limited anti-tumor efficacy when applied to established tumors 172
as a single-agent. 173

In contrast to these single agent results, treatment of tumor-bearing MMTV-Neu mice 174
with a combination of 1MT+paclitaxel, a first line chemotherapeutic agent for the 175
treatment of breast cancer, produced decreases in tumor volume by, on average, ~30% at 176
the two-week endpoint. Paclitaxel by itself produced only growth inhibition of MMTV-Neu 177
tumors, consistent with the reported finding that Neu overexpression can render cancer 178
cells paclitaxel resistant [44]. The impact of combination treatment was highly significant 179
when compared with untreated tumors (two-tailed ¢ test, p<<0.0001) or with either 1MT 180
(»=0.0010) or (paclitaxel p=0.0011) single agent treatments. Similar cooperativity was 181
observed with some but not all chemotherapeutic agents tested [35]. In summary, IDO 182
inhibition produced dramatic anti-tumor efficacy in the autochthonous MMTV-Neu tumor 183
model in combination with certain cytotoxic chemotherapeutic agents. This finding is 184
striking, as it suggests; perhaps counterintuitively, that combining immunomodulation with 185
chemotherapy might be an effective means to induce tumor regression. 186

In order to confirm the importance of T cell mediated immunity to the enhanced efficacy 187
achieved with the combination of 1MT +paclitaxel, monoclonal antibodies were used to 188
immunodeplete specific T cell populations from animals during tumor treatment by 189
targeting. the surface markers CD4 (helper T cells) and CD8 (cytotoxic T cells). As 190
expected, immunodepletion of either the CD4" or CD8" populations abolished the ability 191
of combined IMT +paclitaxel treatment to cooperatively elicit tumor regression despite 192
some:dampening of tumor outgrowth associated with immunodepletion alone [35]. The 193
importance of intact T cell immunity to 1MT+paclitaxel cooperativity was further 194
validated using a transplantable MMTV-Neu tumor-derived cell line to compare the impact 195
of combination treatment on tumors established in syngeneic with athymic nude mice [35]. 196
These findings confirm the expected immunological basis for the impact of IMT treatment 197
on tumor regression in response to combination therapy. 198
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5. D and L stereoisomers of 1MT show differential IDO inhibitory activity 199

IMT, like the amino acid tryptophan that it resembles, can exist as either a D or L 200
stereoisomer. Tryptophan occurs naturally only in the L configuration and the K;,, of human 201
IDO for D-tryptophan is substantially higher than for L-tryptophan [45]. Because IMT is 202
such a close analog of tryptophan, it might be expected that the K; would be higher for the 203
D-1MT relative to the L-1MT as well, and indeed this is consistent with published data [46]. 204
However, at least in some instances, the D isomer of 1MT has been reported to be the more 205
biologically active form [47]. We have collaborated with Drs. David Munn and Andrew 206
Mellor to further evaluate the basis for this dichotomy. To directly examine:this issue 207
biochemically, the ability of the different IMT isomers to inhibit IDO activity in a cell-free, 208
purified enzyme assay as well as in cancer cells induced to express IDO. was evaluated. 209
Consistent with the anticipated outcome, the L isomer had a substantially lower K; for 210
inhibiting activity of the purified IDO enzyme than did the D isomer [48]. Likewise, when 211
IDO was induced in the HeL.a human cervical cancer cell line by IFNy treatment, ECsq 212
determinations again revealed L-1MT to be a more potent IDO inhibitor than D-1MT [48]. 213
Similar outcomes were observed for mouse Ido. However, in the case of IDO-expressing, 214
toleragenic dendritic cells (DCs), D-1MT was found to be at least as effective an inhibitor of 215
cellular tryptophan catabolism as L-1MT [48]. Furthermore, when these compounds were 216
tested for their ability to relieve DC-mediated suppression of T cell activation in a mixed 217
lymphocyte response (MLR) assay, D-1MT was found to be superior to both L-1MT as well 218
as D,L-1MT [48]. This was true for DCs of both human and mouse origin. Importantly, in 219
terms of therapeutic efficacy, D-IMT was shown to effectively cooperate with 220
chemotherapy and radiation in a mouse -melanoma model and to be superior to L-1MT 221
in combining with chemotherapy to elicit anti-tumor responses in two mouse breast cancer 222
models [48]. It has been proposed that, for at least some types of cancer, IDO activity 223
associated with toleragenic DCs in the tumor-draining lymph nodes may be particularly 224
relevant to immune escape by the tumor [49,50]. These data demonstrating the superiority 225
of D-IMT in selectively targeting. IDO-dependent, DC-mediated immune tolerance in 226
conjunction with data demonstrating ‘the superiority of D-IMT in cooperating with 227
chemotherapeutic agents in two.mouse models of breast cancer [48], are consistent with this 228
idea of IDO-expressing, toleragenic DCs being important to tumoral immune escape in at 229
least certain contexts. Supporting this interpretation, immunohistochemical analysis has 230
revealed no evidence of significant IDO expression in the tumors obtained from the D-1MT 231
responsive mouse melanoma and breast cancer models but elevated IDO expression 232
within the tumor-draining lymph nodes discreetly localized to plasmacytoid dendritic cells 233
(pDCs; [50] and unpublished results). 234

6.° A previously uncharacterized, IDO-related enzyme IDO2 is preferentially 235
targeted by D-1MT 236

BLAST searches of the publicly available human genome database for INDO-related 237
sequences, led us to come across a second predicted gene directly adjacent to INDO at 238
8p12. Identified by the locus designator LOC169355, (which has since been changed to 239
INDOLI (INDO-like-1)), the predicted gene sequence corresponded to only a fragment 240

Please cite this article as: A.J. Muller et al., Differential targeting of tryptophan catabolism in tumors and in
tumor-draining lymph nodes by stereoisomers..., Int. Congr. Ser. (2007), doi:10.1016/j.ics.2007.07.042



http://dx.doi.org/10.1016/j.ics.2007.07.042

A.J. Muller et al. / International Congress Series xx (2007) xxx—xxx 7

of the INDO gene. This, however, turned out to be a misannotation. Searching the human 241
genomic sequence identified a complete set of putative exons for encoding a full length 242
gene, termed here /D02, and a complete set of exons could be found in the syntenic region 243
of the mouse genome as well. Independent identification and characterization of this gene 244
[51] was publicly reported at the ISTRY 2006 Conference by Dr. Nicholas Hunt. By RT- 245
PCR, we have confirmed expression of the predicted full length human /DO2 transcript as 246
well as at least four truncated splice variants [52]. The full-length I/DO2 transcript is 247
comprised of 11 exons. An additional exon la in humans, encoding 8 N-terminal amino 248
acids, has not yet been found in the mouse. The human and mouse IDO2 proteins are more 249
highly conserved (72% identical) than their IDO counterparts (62% identical). Although the 250
IDO and IDO2 proteins do not share a high degree of homology (43% identical), amino 251
acids determined by crystallographic analysis and mutagenesis studies to'be critical for IDO 252
to catabolize tryptophan are highly conserved in IDO2 suggesting that it may be 253
catalytically active as well. Indeed, the ability of IDO2 to catabolize tryptophan was 254
confirmed using recombinant V5 epitope-tagged IDO2 ectopically expressed in a human 255
embryonic kidney cell line [52]. Of particular interest, however, was the finding that in 256
contrast to IDO, IDO2 was preferentially inhibited by the D isomer of IMT. The differential 257
was quite striking, with no evidence of inhibition by the L isomer at 50 uM at which 258
concentration the maximal inhibition of kynurenine production by the D isomer had been 259
achieved [52]. In terms of tissue distribution, the range of expression of IDO2 appears to be 260
more limited than that of IDO. Evaluation of the NCBI public SAGEmap database with a 261
sequence tag to /D02 suggested that the gene is expressed in DCs, as the top 4 hits in which 262
tag counts were most prevalent were identified as being from mouse bone marrow-derived 263
dendritic cell libraries. Following up-on this, expression of full length, IFNvy-inducible 264
IDO?2 message has been confirmed in the pre-dendritic mouse cell line JAWIIL [52]. 265
Further work to evaluate the functional relevance of IDO2 expression in DCs is underway. 266

An important mechanism through which:IDO activity in dendritic cells has been shown 267
to exert biological effects on T cells is by signaling through GCN2 [53], a kinase that is 268
activated by uncharged tRNA and.is one of the kinases that initiates the integrated stress 269
response (ISR) through phosphorylation of a common target, the alpha subunit of 270
translation initiation factor 2 (elF2a). One outcome of the ISR is a generalized suppression 271
of mRNA translation.. However, for a subset of genes, phosphorylated e[F2a has been 272
shown to activate translation of mRNAs that contain an internal ribosomal entry site [54]. 273
We have found-that induction of IDO2 in a tetracycline-inducible cell system leads to 274
elF2a phosphorylation (unpublished results) and elevates the expression of LIP [52], an 275
inhibitory isoform of the transcription factor NF-IL6-C/EBPR that represents a truncated 276
protein product produced as the result of a switch to an internal mRNA initiation codon 277
[55]. Elevation of C/EBP( (aka CHOP or GAD153), has been previously shown to occur 278
as.a result of IDO-mediated activation of GCN2 [53], but this is the first reported 279
demonstration that LIP elevation is also a consequence of activating this signaling 280
pathway. ' When IDO was induced in this system, there was clear evidence of tryptophan 281
depletion in the cell culture medium and elevation of LIP expression could be blocked 2s2
by increasing the level of tryptophan in the medium. When IDO2 was induced, on the 283
other hand, no evidence of tryptophan depletion from the medium was evident, which 284
might be expected from its lower level of activity. However, in direct contrast to the result 285
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obtained with IDO, increasing the level of tryptophan had no impact on LIP elevation by 286
IDO2 [52]. This may be indicative of a fundamental difference in the mechanisms through 287
which these two enzymes signal to activate GCN2 kinase activity. Among its physiological 233
effects, C/EBPpP is involved in regulating immune function and defects in cytokine 289
production and Ty 1 immune responsiveness are among the consequences associated with 290
C/EBPp loss [56,57]. IFN+y signals through MAPK signaling pathways to positively 291
regulate C/EBP{ transcriptional activity [58]. The discovery that IDO and IDO2 elevate 292
LIP indicates that these enzymes may drive an IFNy-driven negative feedback mechanism 293
that restrains C/EBPP activity. Because of the integral involvement of C/EBPp in immune 294
responsiveness, the ability of IDO to elevate the trans-dominant inhibitor LIP suggests that 295
this may be an additional mechanism through which elevated IDO activity can attenuate 296
immune responsiveness. 207

Two single nucleotide polymorphisms (SNPs) producing non-synonymous codon 293
changes within the coding sequence for the /DO2 gene, which are predicted to severely 299
impact enzymatic function, have been identified through evaluation of the public human 300
NCBI SNP database [52]. One, a T to A transition in exon 10, changes a tyrosine at position 301
359 to a stop codon. This results in premature termination of the protein immediately prior 302
to a conserved histidine residue that in IDO is essential for catalytic activity [59]. The other, 303
a C to T transversion in exon &, changes an arginine at position 248 to a tyrosine. This 304
residue is located at a position equivalent to R231.in IDO, which has been demonstrated by 305
site directed mutagenesis to be critical for catalytic activity and, from the crystal structure, is 306
postulated to be involved in substrate recognition through hydrophobic interactions [60]. 307
This residue is predicted to reside near the entrance to the active site and the presence of the 308
bulky tryptophan side chain may hinder substrate access as well (J. Lalonde, personal 309
communication). Both polymorphisms have been confirmed by site directed mutagenesis to 310
reduce the activity of ectopically expressed IDO2 to undetectable levels. In both cases, the 311
protein product was found to be‘destabilized-in the cells (unpublished results), and so the 312
actual impact of these polymorphisms on enzymatic activity as opposed to expression still 313
remains to be formally evaluated. Remarkably, both of these inactivating polymorphisms 314
are highly penetrant in_the general population. Data from 339 individuals in the public 315
database suggest that there may be some ethnic variation in the frequency of occurrence of 316
these polymorphisms with the R248W most prevalent in individuals of European descent, 317
the Y359Stop most prevalent in individuals of Asian descent, and a lower frequency both 318
inactivating alleles in individuals of African descent. This evaluation is based on relatively 319
small groups and the numbers should be expanded to confirm any trends, but still, the 320
overall frequency at which both /DO?2 alleles are potentially inactivated appears to be 321
remarkably high, ranging from up to 25% of individuals of African descent to possibly as 322
high as 50% of individuals of either European or Asian descent [52]. This raises questions 323
regarding how important the functional role of IDO2 actually is and whether there might be 324
counterbalancing selective pressures on its expression due to both advantages and 325
disadvantages that it might provide the host. IDO, for instance, has been implicated as being 326
both protective against inflammatory pathology associated with infection as well as 327
promoting tumoral immune escape. Along these lines, an interesting question to explore 328
will be how these /DO2 polymorphisms track with susceptibility and outcomes for different 329
types of cancers. 330
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7. Discussion 331

IMT has proved to be a very useful tool for investigating the role of IDO activity in 332
physiological and pathophysiological immune tolerance. It was first used to implicate IDO 333
in protecting allogeneic concepti from maternal immunity and later enabled us to validate 334
the immune escape mechanism associated with Bin/-null cells as being IDO mediated. The 335
different stereoisomers appear to distinguish between the IDO activity in tumor cells and in 336
tolerogenic pDCs from within tumor-draining lymph nodes, and this in turn has led us to 337
identify the novel IDO-related isoform IDO2 as the possible target for D-IMT in pDCs 338
while L-1MT may preferentially target IDO expressed in tumor cells. These distinctions 339
may not, however, be quite so clear cut. D-1MT, can, in combination with cyclopho- 340
sphomide, suppress the outgrowth of B16-F10 tumor isografts in wild-type mice and pDCs 341
isolated from the tumor-draining lymph nodes from B16-F10 tumor-bearing mice 342
effectively suppress T cell activation in vitro. However, when these experiments were 343
performed using /NDO knockout mice, the combination of D-1MT with cyclophosphamide 344
no longer suppressed B16-F10 tumor outgrowth and pDCs. isolated from the tumor- 345
draining lymph nodes were ineffectual at blocking T cell activation [S0]. If IDO2 is the 346
direct target of D-1MT, then IDO is still somehow critically involved. One possibility is that 347
these enzymes may functionally interact in some manner, and indeed, from the IDO crystal 348
structure there does appear to be a surface that might act as a dimerization domain 349
(J. Lalonde, personal communication). Alternatively, the expression of these genes may be 350
co-regulated so that the loss of expression of one impacts on the expression of the other. 351
Elucidating the possible crosstalk between these two enzymes has relevance to the possible 352
use of IDO inhibitors in the clinic, as-it may become important to determine whether 353
targeting IDO, IDO2 or both enzymes is the best approach for treating a particular patient. 354
This determination may not be the same for different tumor types, and may particularly 355
depend on whether the tumor itself or the tumor-draining lymph nodes is the more 356
important site for IDO activity..Another concern specific to the development of selective 357
IDO2 inhibitors, such as D-1MT, is.the high frequency of apparently inactive /DO2 alleles 353
in the general population. Because of this, genotype analysis to determine the IDO2 359
functional status should be an important consideration in the evaluation of any clinical 360
studies performed with such compounds. 361

One fundamental question raised by our data is why should D-1MT be a better inhibitor 362
of IDO2 than L=IMT? This is particularly puzzling since tryptophan occurs naturally in the 363
L configuration and_there is no known physiological role for the D isomer, although an 364
isomerase for converting D-tryptophan to L-tryptophan does exist in the rat [61]. Does this 365
finding suggest that D rather than L-tryptophan is the preferred substrate for IDO2 or, 366
alternatively, is this possibly indicative that tryptophan is not the primary substrate at all? 367
The latteridea would provide an explanation for the finding that excess tryptophan does not 368
block the induction of LIP expression by IDO2 as it does for IDO, however, what might 369
actually serve as an alternative substrate for IDO2 remains an open question. 370

We have identified novel inhibitors of IDO that also effectively inhibit IDO2. These 371
include MTH-tryptophan [35,52], as well as the phytoalexin brassinin and its synthetic 372
derivative 5-Br-brassinin ([62] and unpublished results). These compounds have worked as 373
well if not better than IMT in pre-clinical mouse tumor models with no sign of adverse 374
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mechanism-based side effects resulting from dual enzyme inhibition. For instance, 5-Br- 375
brassinin, when administered as single agent, can substantially suppress the outgrowth of 376
tumors formed by the B16-F10 melanoma cell line (unpublished results), an outcome that 377
could not be achieved with IMT except in combination with chemotherapy. This suggests 37s
that identifying effective inhibitors that target both IDO isoforms should be possible and 379

that, in the end, such compounds may be the most effective therapeutic agents. 380
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Indoleamine 2,3-Dioxygenase Is the Anticancer Target for a Novel Series of Potent

Naphthoquinone-Based Inhibitors
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Indoleamine 2,3-dioxygenase (IDO) is emerging as an important new therapeutic target for the treatment of
cancer, chronic viral infections, and other diseases characterized by pathological immune suppression. While
small molecule inhibitors of IDO exist, there remains a dearth of high-potency compounds offering in vivo
efficacy and clinical translational potential. In this study, we address this gap by defining a new class of
naphthoquinone-based IDO inhibitors exemplified by the natural product menadione, which is shown in
mouse tumor models to have similar antitumor activity to previously characterized IDO inhibitors. Genetic
validation that IDO is the critical in vivo target is demonstrated using IDO-null mice. Elaboration of menadione
to a pyranonaphthoquinone has yielded low nanomolar potency inhibitors, including new compounds which
are the most potent reported to date (K; = 61-70 nM). Synthetic accessibility of this class will facilitate
preclinical chemical —genetic studies as well as further optimization of pharmacological parameters for clinical

translation.

Introduction

Of the major diseases that plague the developed and develop-
ing worlds, many are associated with immunosuppressed states
that can impede effective treatment and recovery. Some
prominent examples are cancer, where, as a consequence of
immunoediting,' tumor cells are under strong selective pressure
to develop the capacity to undermine an effective immune
response, and chronic infections, such as HIV and HCV
infections, where immunosuppression contributes to disease
persistence. A growing body of evidence implicates the involve-
ment of the enzyme indoleamine 2,3-dioxygenase (IDO)“ in
mediating pathological immunosuppression in such settings,
indicating that IDO may be an attractive therapeutic target for
pharmacological intervention in cancer as well as other diseases
in which effective immunity is impaired.>* In preclinical models
of cancer, IDO inhibition has been demonstrated to safely and
dramatically improve chemotherapeutic efficacy.*> However,
while bioactive small molecule inhibitors of IDO exist, they
are low potency and perhaps better suited to proof-of-concept
experiments than clinical translation. Thus, one present barrier
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to drug development is a dearth of potent and bioactive drug-
like molecules that offer translational potential.

IDO (EC 1.13.11.42) is a monomeric heme-containing
enzyme that catalyzes tryptophan degradation in the initial step
of the kynurenine pathway, the de novo biosynthetic route for
nicotinamide adenine dinucleotide (NAD) production.®”® IDO
is active with the heme iron in the ferrous (Fe*") form and
inactive in the ferric (Fe**) form; substrate inhibition of IDO
is believed to result from tryptophan binding to the ferric
form.>'® While the primary catalytic cycle of IDO does not
involve redox changes, IDO is prone to auto-oxidation and so
a reductant is necessary to reactivate the enzyme. In vivo, IDO
is thought to rely on a flavin or tetrahydrobiopterin cofactor
for which methylene blue and ascorbic acid can be substituted
in reactions performed with purified IDO enzyme.” Using such
an in vitro assay, the landmark competitive inhibitor 1-meth-
yltryptophan (1MT, Figure 1) was identified in the early
1990s.'"-'2 Widely employed for IDO studies, IMT is bioactive
and selective but is a rather low potency compound (K; = 34
uM). Other bioactive but also relatively low potency inhibitors
have been described, all of which retain the indole ring of
tryptophan, including a thiohydantoin derivative of tryptophan
and derivatives of the natural product brassinin.'*'* Metabolic
enzymes often evolve an affinity for their natural substrate that
closely matches the physiological concentration of the substrate, '>'¢
which is ~60 uM for circulating tryptophan.'”~'® Thus, IDO
inhibitors with submicromolar potency may be more likely to
arise from structures lacking the indole core of tryptophan.

“ Abbreviations: ATP, adenosine 5'-triphosphate; GSH, glutathione; IDO,
indoleamine 2,3-dioxygenase; LD50, median lethal dose; MMTV, mouse
mammary tumor virus; [-MT, I-methyltryptophan; MTD, maximum
tolerated dose; NAD, nicotinamide adenine dinucleotide; NAD(P)H reduced
nicotinamide adenine dinucleotide phosphate; NOQ1, NAD(P)H:quinone
oxidoreductase 1; NOQ2, NRH:quinone oxidoreductase 2; pDC, plasma-
cytoid dendritic cells; 4-PI, 4-phenyl-imidazole; ROS, reactive oxygen
species.
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Table 1. IDO Inhibition from Commercially Available Quinone Structures

Kumar et al.

compd 1Cso (uM) E (mV) compd ICso (uM) E (mV)
1 2,3-dichloro-1,4-naphthoquinone 0.28 —60422 7 2-hydroxy-1,4-naphthoquinone ~675 —357%
2 2-methoxy-1,4-naphthoquinone 0.72 8 benzoquinone no activity —401%*
3 1.4-naphtho-quinone 0.99 —140% 9 2-methyl-1,4-benzoquinone no activity —466%*
4 5-hydroxy-1,4-naphthoquinone 1.0 —932¢ 10 2-phenyl-1,4-benzoquinone no activity
5 2-methyl-1,4-naphthoquinone 1.1 —203%7 11 vitamin K1 no activity -170%
6 1,2-napthoquinone 7.1 —89%° 12 chromone no activity

ICsp (inhibitory concentration 50%) is the concentration of compound that inhibits enzyme activity by half. E is the reduction potential for the one

electron reduction of the quinone to the semiquinone.

a CO,H b OH O
\ o
NH, CO,CH,
N o
HoC
8 0

Figure 1. Structure of two small molecule inhibitors of IDO: (a)
I-methyL-tryptophan (1MT), a widely used IDO inhibitor that is
bioactive; (b) annulin B, a potent IDO inhibitor isolated from a marine
invertebrate, which lacks an indole core structure.

Herein, we describe the discovery of highly potent IDO
inhibitors that lack the indole core of IDO’s natural substrate.
These potent inhibitors are inspired by the natural product
annulin B**2" (Figure 1) and contain naphthoquinone as the
key pharmacophore. In this study, we demonstrate through
mouse tumor models that the naphthoquinone natural product,
menadione, has antitumor activity mediated through IDO
inhibition. Furthermore, we describe the synthesis and charac-
terization of a new structural class of IDO inhibitors based on
the naphthoquinone pharmacophore. The most active compounds
are pyranonaphthoquinones, and they represent the most potent
IDO inhibitors described to date.

Results

Naphthoquinone Is the Pharmacophore of Natural
Product Annulin B. Andersen et al. recently described®>*!
several natural products isolated from a marine hydroid with
potent activity as IDO inhibitors, the most potent of which was
annulin B with a K; = 0.12 uM. Most of the marine natural
product inhibitors contained a naphthoquinone core, and by
comparing the structure of IMT with annulin B (Figure 1), we
hypothesized that the relevant pharmacophore in annulin B was
the naphthoquinone core. In support of the notion that naph-
thoquinone is an indole mimetic, commercially available
compounds containing a quinone structure were screened for
IDO inhibitory activity and several demonstrated micromolar
levels of inhibitory potency (Table 1). The 1,2- or 14-
naphthoquinone unit was essential for activity (cf. 1-6 vs 8-10,
12), and substitution was permitted on either the benzene (e.g.,
4) or the quinone ring (e.g., 1, 2, and 5) of the naphthoquinone
core. Exceptions to this principle were found with the phytylated
1,4-naphthoquinone derivative vitamin K1 and the 2-hydroxy
derivative 7; the latter was particularly noteworthy given the
activity of the structurally analogous 1,2-naphthoquinone 6. All
benzoquinone derivatives were inactive, thereby confirming the
need for a fused benzene-quinone structure for activity as an
IDO inhibitor. Although quinones are well-known oxidants,
there was no apparent correlation between the IDO inhibitory
potency and the reduction potential of these different quinone-
based compounds (Table 1).

IDO Is an Essential Target for the Antitumor Activity
of the Naphthoquinone Menadione. Included among the
naphthoquinone-based compounds evaluated for IDO inhibitory
activity was menadione, also known as vitamin K3 (5), which
exhibited low micromolar potency (ICsop = 1.0 uM) (Table 1).

Table 2. ICsy Values for Glutathione-Conjugated Menadione (Quinone
and Hydroquinone Forms)

compound 1Cso (UM)
o]
I N I 0.88
13 N o .
T
(o] 7~ o)
Ho,c N ©
OH
OOt
14 «N A 0.34
T
OH ~ o]
Hoc N ©

This was a specific feature of this vitamin K precursor molecule,
as vitamin K1 (11) lacked activity as an IDO inhibitor. Although
other naphthoquinones in our initial screen were more potent,
menadione is a known anticancer agent® and clinical studies
have provided evidence of its activity as a radiosensitizer and
its ability to cooperate with chemotherapeutic agents, reminis-
cent of other IDO inhibitors.*'* Consequently, we chose to
explore the in vivo activity of the naphthoquinones with
menadione.

While a variety of hypotheses for the mechanism of action
of menadione have been proposed, a definitive understanding
has yet to emerge. Most studies have focused on its ability to
generate reactive oxygen species (ROS) or to deplete intracel-
lular glutathione through the formation of menadione—glutathione
and glutathione—glutathione conjugates,®® which may have
cytotoxic consequences.®’ Interestingly, we found that the
glutathione conjugate of menadione (both in quinone 13 and
hydroquinone 14 forms) retained IDO inhibitory activity,
exhibiting even greater potencies than the parent compound
(Table 2). In a cell-based assay, the ICsy of menadione for IDO
inhibition was determined to be lower than the LDsq for cellular
cytotoxicity by >4-fold (Figure 2a), indicating that there is a
window between IDO inhibitory activity and general cytotoxicity
for this compound.

Based on available information in the NCI database about
menadione in different mouse models of cancer (http://dtp.n-
ci.nih.gov/dtpstandard/InvivoSummary/index.jsp), we evaluated
whether menadione, administered at levels near the maximum
tolerated dose (MTD), would cooperate with paclitaxel in the
MMTV-Neu transgenic mouse model of breast cancer, an assay
where the antitumor efficacy of various IDO inhibitors has
previously been demonstrated.'*** Administration of menadione
alone at 25 mg/kg once a day (qd) resulted in some evidence
of growth inhibition, while the same dose administered twice a
day (bid) was lethal, indicating that no further dose escalation
would be possible. However, like other IDO inhibitors, which
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Figure 2. In vivo validation of IDO as an essential target of menadione antitumor activity. (a) Cell-based comparison of IDO inhibition and
cytotoxicity of menadione. A clonal T-REx-derived cell line, stably transfected with doxycyclin-inducible IDO, was exposed to a range of menadione
concentrations. The top graph shows the percent inhibition of IDO activity (adjusted for cell viability) based on comparison of kynurenine levels
in the culture supernatant of menadione-exposed cells to that of untreated controls. The bottom graph shows the percent viability of the same cells
used for the IDO inhibition assay based on SRB assay results from menadione-exposed cells compared to untreated controls. ICsy and LDs, values
were determined from the sigmoidal dose-response curves. The assays were performed in triplicate and graphed as means + SD. (b) Menadione
effectively combines with paclitaxel chemotherapy to regress established breast tumors. Parous MMTV-Neu mice with 0.5-1.0 cm mammary gland
tumors were randomly enrolled for 2-week treatment studies. Tumor volume determinations were made at the beginning and end of the treatment
period. Cohorts receiving menadione (K3) were administered compound i.p. either once a day (qd) or twice a day (bid) as indicated at 25 mg/kg
for 5 consecutive days during the first week of treatment. Paclitaxel (Taxol) was administered to the indicated cohorts i.v. at 13.3 mg/kg qd
3x/week over the entire course of the 2-week treatment period. Each point represents the fold change in volume for an individual tumor with the
mean £ SEM indicated for each group. The significance of the differences between the paclitaxel alone and the paclitaxel + menadione treatment
groups was assessed using a nonparametric two-tailed Mann—Whitney test to determine the indicated P values. (c) Menadione suppresses outgrowth
of B16-F10 tumors in a T cell and host IDO dependent manner. Menadione treatment, administered i.p. at 25 mg/kg qd 5 days a week until
termination of the experiment, was initiated 7 days following s.c. injection of C57BL/6 mice with 1 x 10° B16-F10 melanoma-derived cells.
Caliper measurements of tumors were performed biweekly until the control tumors reached a volume of ~5000 mm?>. From left to right are the
results obtained from C57BL/6 mice, athymic NCr-nu/nu mice, and C57BL/6-strain, IDO knockout mice as indicated above each graph, plotted as
mean tumor size + SEM at each time point. At the conclusion of each study, the difference in tumor volumes between the treatment and nontreatment
groups was assessed using a nonparametric two-tailed Mann—Whitney test to determine the P value indicated on each graph.

also display weak antitumor activity on their own,"* combining
menadione at the 25 mg/kg qd dose with paclitaxel produced
significant tumor regressions in the model (Figure 2b). Surpris-
ingly, mice receiving the combination of paclitaxel with
menadione at 25 mg/kg bid all survived; however, the antitumor
response was similar irrespective of whether the compound was
administered once or twice daily (Figure 2b).

To validate the requirement of IDO as a target for the
antitumor efficacy of menadione, we compared the activity of
this compound in a mouse model of cancer where we could
genetically assess the consequences of IDO loss. Briefly, tumors
formed by the mouse melanoma cell line B16-F10 do not
express IDO in vitro or in vivo>® Nevertheless, growth of tumor
isografts formed by these cells can be suppressed significantly
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Figure 3. Docking naphthoquinones at the IDO active site by molecular
modeling. (a) Proposed binding mode of compound 1 in IDO active
site. (b) Proposed binding mode of pyranonaphthoquinone 23 in IDO
active site. Graphics generated with PyMOL 098 (http//www.py-
mol.org), an open-source molecular graphics system developed sup-
ported and maintained by DeLano Scientific LLC (http//www.delano-
scientific.com).

by single agent treatment with an IDO inhibitor,>* due,
presumably, to inhibition of IDO expressed in tolerogenic
dendritic cells that accumulate in tumor draining lymph nodes
of the host animal.>® In this model, we confirmed that the growth
of B16-F10 isograft tumors could be reduced significantly by
single agent menadione treatment (Figure 2c). In contrast, we
detected no growth inhibition of tumor grafts in either athymic
nude mice or syngeneic IDO knockout mice (Figure 2c). These
findings indicate that the antitumor activity of menadione
requires both IDO inhibition and T cell involvement, thereby
validating IDO as a critical therapeutic target for menadione—a
prototypical representative of the naphthoquinone class of IDO
inhibitors.

Molecular Modeling with Naphthoquinone Leads. We
noted that the commercially available naphthoquinone structures
with activity as IDO inhibitors generally displayed a noncom-
petitive mode of inhibition (Table 1). Noncompetitive or
uncompetitive modes of inhibition usually suggest a basis in
allosteric binding; however, there exists a precedent for IDO
inhibitors to bind at the active site and yet display noncompeti-
tive or uncompetititve kinetics. For example, 4-phenylimidizole
(4-PI) has been reported to bind preferentially to the heme iron
in the inactive ferric form of IDO.>**> Also, [-carboline has
been reported to compete with oxygen for ferrous heme iron
binding.** Nonetheless, in a mechanistic study, both 4-PI and
B-carboline demonstrated noncompetitive kinetics,** while the
original report describing [(-carboline as an IDO inhibitor
reported uncompetitive inhibition.>® Consequently, noncompeti-
tive inhibition of IDO may not preclude heme iron binding at
the active site by the naphthoquinone derivatives. Monodentate
heme iron binding by quinones is not common,*” but several
recent studies of photosynthesis and, particularly one involving
study of cytochrome bgf,***° have demonstrated monodentate
iron heme binding by quinones.

Utilizing the recently reported crystal structure of IDO,*
computational docking studies in the absence of molecular
oxygen placed several naphthoquinones at the active site with
the quinone oxygen coordinated to the heme iron. Furthermore,
the docking studies showed that the orientation of a particular
naphthoquinone will depend on the substituents on the naph-
thoquinone core. With relatively small substituents on the C-2
or C-3 position (e.g., 1), the naphthoquinone entered the active
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Scheme 1. General Synthetic Path to Pyranonaphthoquinone
Derivatives

8 o} Ro 0 0 4 A
X OH OM B 0?2 DMDO
X—: Table 3 X or mCPBA
P = =3 =
5 3 B-alanine 6
7,15220 CeHe, HZ0, A
[}
o) NuH
M (Table 4)
L PR e/
InCl3 (56 mol%)
o) CH,Cl,
33, X=H, 62%
34, X=6-OH
35, X=9-CH, 53%

Table 3. 67 Electrocyclization Reactions

naphthoquinone product
X X R, yield(%)

7 H 23 H CH; 77

7 H 24 H CO,CH3 22
15 5-OH 25 6-OH CH; 69
16 5-OCH3; 26 6-OCH3 CH; 76
17 6-OH 27 7-OH CH; 71
18 6-OCH3; 28 7-OCH3 CH; 71
19 7-OH 29 8-OH CH3; 75
20 7-OCH3 30 8-OCH3; CH; 72
21 8-OH 31 9-OH CH; 56
22 8-OCH3 32 9-OCH3; CHj; 52

site with the benzene ring projecting toward the entrance of
the active site (Figure 3a). In contrast, tricyclic pyranonaph-
thoquinones, such as 23, which include the pyran ring of annulin
B, entered with the benzene ring projecting into the posterior
of the active site (Figure 3b). Similarly, docking of annulin B
confirmed that the substituted benzene ring is nestled in the back
of the IDO active site, with the pyran ring located at the opening
of the active site (data not shown). These docking studies
provided an initial working model to direct synthetic modifica-
tions to the naphthoquinone core to improve potency.

Synthesis of Novel Pyranonaphthoquinone Inhibitors of
IDO. Initial efforts were directed at mimicking the structure of
annulin B, by installing and elaborating the pyran ring through
chemical syntheses. Naphthoquinones 7 and 15-22 were easily
converted to pyranonaphthoquinones 23-32 via a one-pot 67
electrocyclization reaction in modest to good yield (Scheme 1
and Table 3).**** The naphthoquinones with substituents in the
benzene ring were synthesized according to literature procedures.
Epoxidation of 23 proceeded with dimethyldioxirane to afford
33, while epoxidation of 25 and 31 was accomplished with
m-CPBA to provide 34 and 35, respectively. Further derivati-
zation of the pyran ring was accomplished by nucleophilic
substitution of the epoxides (Scheme 1 and Table 4). The cis
and trans diastereomers (36—50) were separable by column
chromatography. Assignment of the cis and trans diastereomers
was based on an X-ray crystal structure of 36 (Supporting
Information) and an analysis of NMR coupling constants.
Hydrogenation, bromohydrin formation, and dihydroxylation*'
were also employed to selectively modify the pyran alkene
(Scheme 2).

Evaluation of Pyran Ring Derivatives. The docked binding
mode of annulin B, with its pyran ring located at the opening
of the active site, suggested focusing synthesis on the pyran
ring as a means of embellishing the naphthoquinone core and
restoring or enhancing the level of IDO inhibition displayed
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Table 4. Epoxide Opening Reactions
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Table 6. ICsy Values of Benzene Ring Derivatives of Naphthoquinone
IDO Inhibitors

epoxide NuH cis (yield, %) trans (yield, %)
compd 1Cso (uM) compd ICso (uM)
33 (X=H) PhCH,NH; 36 (53) 3737 25 0.190 29 2.05
26 2.13 30 0.933
33 CH,=CHCH;NH, 38(58) 39 (29) 27 5.52 31 0.121
28 3.02 32 2.92
3 CH(CH,):NH, 40068 4ade) “ Natural product commonly referred to as o-caryopterone.
33 HN/—\O 42 (57) 43 (14) ) ) )
N supports the notion that the region of the IDO enzyme occupied
by these groups is not constrained, such as found at the opening
33 CH;OH 454 45(28) of the active site.
33 PhCH,OH 46 (48) o Evalugtion of Beqzene Ring Derivative.s.- The study of the
benzene ring of annulin B focused on the position and the nature
33 PhCH,SH 47 (45) 48 (27) of the oxygen substituent which was viewed as the most
, important functionality for intermolecular interactions in the
34 (6-OW) PhCHNH,' 96 — active site. A distinct preference was observed with the C-6-
A and C-9 hydroxy-substituted pyranonaphthoquinones 25 and 31,
35 (9-OH) PhCH,NH, 50 (57) -

“ Reaction in 2-propanol without indium(IIT) chloride, InCls.

Table 5. ICsy Values of Pyran Ring Derivatives of Naphthoquinone
IDO Inhibitors

compd 1Cso (uM) compd 1Cso (uM) compd 1Cso (uM)
23¢ 0.214 40 0.130 46 1.09
24 0.247 41 0.082 47 3.45
33 4.95 42 1.10 48 2.12
36 0.055 43 0.361 51 4.34
37 0.252 44 0.976 52 0.512
38 0.186 45 3.96 53 1.50

39 0.183

“ Natural product commonly referred to as dehydro-a-lapachone. # Natural
product commonly referred to as a-lapachone.

Scheme 2
o}
o Hy, PA/C 0s0,
-~ 23
NMO
o 51 NBS, H,0 53 O OH

with the more complex marine natural product. To begin, we
synthesized and tested the simplified pyranonaphthoquinone 23
(Table 5), where the tricylic structure was found to restore
essentially all the activity of annulin B. Notably, antitumor
activity has been associated with compound 23, which is also
known as dehydro-o-lapachone.***** Incorporation of the ester
from annulin B onto the pyran ring (24) had little effect on the
potency of the pyranonaphthoquinone nucleus. However, reduc-
tion of the pyran ring (51) resulted in a dramatic loss in activity.
Similarly, oxidation of the alkene to an epoxide (33) also
dramatically reduced the activity of this tricyclic inhibitor. Based
on the docking model of 23 (Figure 3b) and the hypothesized
exposure of the pyran ring to solvent, we expected elaboration
of the pyran ring to be permissible and therefore analyzed a
selection of compounds with functionalized pyran rings. We
found the most potent of these pyran ring derivatives to be 1,2-
amino-alcohol derivatives (i.e., 36 and 41). The absence of
consistent differences between the cis and trans diastereomers

demonstrating between 5- and 45-fold greater potency than the
other oxygen-substituted annulin B derivatives (Table 6).
Nevertheless, the activity of 25 and 31 is roughly equal to that
of the unsubstituted parent compound 23. Consequently, the C-6
or C-9 hydroxyl substitution is permissible but does not appear
to lead to any favorable interaction with IDO. Conversely, larger
substitution in C-6 or C-9 or substituents in C-7 or C-8 clearly
have a detrimental effect, probably due to steric interactions.

After an exploration of the optimal elements in the pyran
ring (Table 5) and the benzene ring (Table 6), we synthesized
two inhibitors (49 and 50) that combined the best elements of
both ring substitutions. These compounds were also highly
potent with ICsy’s of 0.058 and 0.059, respectively, thereby
demonstrating that substitution is permitted in both rings.
Although the substitution pattern of annulin B suggested this
was possible, it was not to the extent demonstrated with the
benzyl amine in 49 and 50.

Further Evaluation of Most Active Inhibitors. Three of
the most potent pyranonaphthoquinone derivatives, based on
ICs¢ values, were further analyzed to determine their inhibition
constants and mode of inhibition. The inhibition constants for
36, 41 ,and 50 were determined to be 70, 61, and 66 nM,
respectively. All three are more potent than annulin B (K; =
120 nM?*?'") and thus represent the highest potency IDO
inhibitors reported to date. Each of these compounds is also
roughly 500-fold more potent than the most commonly em-
ployed IDO inhibitor IMT. Interestingly, all three compounds
exhibited reversible uncompetitive kinetics of inhibition (Sup-
porting Information). Preincubation of three pyranonaphtho-
quinones (31, 36, and 41) with IDO failed to demonstrate any
irreversible inhibition.

Due to the surprising activity of the hydroquinone derivative
14, we attempted to generate and evaluate a hydroquinone
derivative of one of the potent pyranonaphthoquinone deriva-
tives. However, the rapid aerobic oxidation of each compound
tested precluded analysis of the inhibitory activity of the
hydroquinone form. Evaluation of the effect of the isolated
enzyme assay reduction system (ascorbic acid/methylene blue)
on these pyranonaphthoquinones did reveal evidence of hyd-
roquinone formation (data not shown). Consequently, it is likely
that both forms are present under the normal assay conditions,
and it is possible that both are relevant to IDO inhibition as
was witnessed with 13 and 14.

Analysis of compounds 31, 36, and 41 in the same cell-based
assay used to analyze menadione showed an attenuation of their
activity versus the isolated enzyme assay (Table 7). However,
unlike menadione which demonstrated clear cellular cytotoxicity
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Table 7. ICsy Values of Pyranonaphthoquinones Tested in Cell-Based

Assay
compd ICsp (uM)
31 69
36 6.8
41 87

(Figure 2a), compounds 31, 36, and 41 demonstrated minimal
impact on cell viability at 100 4M after 24 h. Future studies
will endeavor to improve the cell-based activity of the pyra-
nonaphthoquinones.

Discussion

Focusing on the naphthoquinone core of the complex natural
product annulin B, we have identified commercially available
compounds with naphthoquinone core structures that display
potent IDO inhibitory activity. Notably, some of these com-
pounds were up to ~100-fold more potent than the commonly
used IDO inhibitor IMT. Reinforcing the definition of this series
as a potentially important class of IDO inhibitors, the majority
of high potency hits identified in a recently conducted screen
of the NCI compound collection included either a naphtho-
quinone core or mimetic (unpublished results). We have
established the applicability of IDO inhibition by compounds
in this structural class to cancer treatment through in vivo
evaluation of the representative bioactive compound menadione
and followed with the development of novel pyranonaptho-
quinone-based IDO inhibitors exhibiting submicromolar poten-
cies produced from commercially available materials in a short
number of synthetic steps.

Although the antitumor properties of menadione have long
been recognized, this is the first report to demonstrate that IDO
inhibition is an important mechanism of action. Previous studies
of menadione antitumor activity have focused on oxidative stress
as the primary mechanism of action. Intracellular redox cycling
of menadione is catalyzed by bioreductive enzymes such as
NAD(P)H:quinone oxidoreductase 1 (NOQ1), NRH:quinone
oxidoreductase 2 (NOQ?2), and cytochrome P450 reductase.
Additional studies have also implicated nitric oxide synthases,*
which are potentially interesting insofar as NO is known to
directly antagonize IDO activity.*® Depletion of glutathione
(GSH) through direct conjugate formation and active export has
also been proposed as a mechanism for menadione-mediated
cytotoxicity.*” More recently, menadione has been suggested
to act by disrupting signaling pathways as an alternative to
biochemical cytotoxic mechanisms.?® In particular, treatment
with menadione has been correlated with changes in the
expression of molecules involved in controlling cell cycle
progression.*® All of these proposed mechanisms of action are
based on the assumption that the antitumor activity of menadione
is mediated through direct cytotoxicity to the tumor target.
However, we have demonstrated here that the dramatic sup-
pression of B16-F10 tumor growth that was elicited by
menadione treatment in wild type mice was completely abol-
ished in T cell-deficient nude mice. These data argue against
direct cytoxicity as the operative mechanism of action, instead
implying that a T cell dependent, immune-mediated mechanism
is crucial to the antitumor activity of menadione. In the B16-
F10 tumor model, IDO is expressed not in the melanoma-derived
tumor cells but rather in highly toleragenic, plasmacytoid
dendritic cells (pDCs) within the tumor-draining lymph nodes.*
Since the antitumor activity of menadione was also abolished
in tumor-bearing, IDO nullizygous mice, where no IDO was
present in the system, it is also evident that menadione must
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inhibit IDO in order to manifest antitumor activity, providing
genetic validation of the concept that IDO is an essential target
of menadione.

Ingested phylloquinone (vitamin K1 produced by plants) is
substantially converted to circulating menadione in humans.*’
As a vitamin K precursor, circulating menadione may be a
significant source of menaquinone biosynthesis (vitamin K2
produced by bacteria and animals) in extra-hepatic tissues
through uptake and prenylation. It remains to be determined
whether levels of menadione achieved through dietary intake
or supplementation of vitamin K are sufficient to have a
meaningful effect on IDO activity. In a mouse lung tumor
isograft model in which menaquinone supports metastasis
through its role in the coagulation system (e.g., by impacting
Factor X activation’), the pro-metastatic effect of menaquinone
can be combated with compounds that target the regenerative
vitamin K cycle such as warfarin, which inhibits the enzyme
vitamin K epoxide reductase. Interestingly, warfarin has also
been shown to block both the in vitro and in vivo conversion
of menadione to menaquinone.>'->? Taken together, this suggests
that by inhibiting the conversion of endogenous menadione to
menaquinone, anticoagulants could potentially leverage IDO
inhibition by menadione while concomitantly interfering with
the ability of menaquinone to support metastasis. Given the
importance of both immune escape and metastasis in the
pathophysiology of advanced cancers, further study in this area
seems warranted.

One concern regarding the proposed mechanism of action of
menadione was how the metabolism of this compound might
affect its ability to inhibit IDO in cells. Menadione is sufficiently
hydrophilic to be soluble in aqueous solution, but it also is
sufficiently hydrophobic to diffuse across the plasma mem-
brane.”® Once menadione has entered a cell, it is rapidly
conjugated to glutathione through nucleophilic addition to form
13 (quinone form) and14 (hydroquinone form), which are no
longer cell permeable and in fact are actively transported out
of the cell.**>* Nevertheless, we found that the menadione—glutathione
conjugated compounds 13 and 14 were no less potent inhibitors
of IDO than menadione itself despite the large size of the
conjugated glutathione moeity. Since 13/14 are actively trans-
ported out of the cell, counteracting this (e.g., by inhibiting the
ATP-dependent pump responsible for removing glutathione-
conjugated menadione) might increase intracellular retention,
thereby lowering the effective antitumor dose and perhaps also
mitigating glutathione depletion (a side effect implicated in
endothelial barrier damage®"). Although the synthetic inhibitors
reported in this study can also undergo redox cycling similar
to menadione, they are chemically incapable of conjugation with
glutathione since they are tetra-substituted quinones.>> Conse-
quently, glutathione processing is irrelevant to the cellular
chemistry of the pyranonaphthoquinone-based IDO inhibitors.

In this study, we have identified the pyranonaphthoquinone
moiety as the IDO inhibitory pharmacophore in the complex
natural product annulin B, but the mechanism by which this
structure achieves inhibition remains somewhat unclear. The
quinone core is clearly important for IDO inhibition and the
quinone oxygen may be the iron-binding group seen in previous
inhibitor designs, most notably -carboline, 4-phenylimidazole,
and dithiocarbamates. Quinones are one of nature’s privileged
structures, performing essential roles as biological oxidants, e.g.
vitamin K, vitamin E, ubiquinone, and plastoquinone. The
unique nature of IDO as an oxidoreductase that is inactive in
the ferric state and its sensitivity to inhibition by H,0,,7%7
combined with the oxidation potential of the quinone structure,
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suggests that redox chemistry might be involved in the mech-
anism of inhibition. However, the absence of any correlation
between inhibitor potency and the oxidation potential of the
quinones (Table 1) tends to argue against such a mechanism as
the primary basis for inhibition.

Indeed, the structure—activity relationships that we discovered
in the preliminary screen (Table 1) and subsequent structural
modifications (Tables 2—6) support a more complex interaction
between IDO and the quinone-based inhibitors. Particularly
intriguing in this regard is the potent IDO inhibitory activity
exhibited by the menadione—glutathione conjugates 13 and 14
despite the fact that the hydroquinone could in theory replace
ascorbic acid as a reductant, thereby activating IDO. There is
strong evidence for phenols, such as in hydroquinone, to be
monodentate ligands for iron,>®%* in line with speculation that
iron binding by this moiety is important for IDO inhibition.
One possible interpretation of this model is that the quinone 13
may be acting as a prodrug for the hydroquinone 14 since,
presumably, under the assay conditions some of the quinone is
reduced by ascorbic acid/methylene blue to the hydroquinone.
This hypothesis is consistent with the observation that 14 is a
more potent IDO inhibitor than 13.

Future experiments will endeavor to understand the role of
the quinone structure as well as redox chemistry in the inhibition
of IDO. Based on the structure—activity relationships in the
pyranonaphthoquinones, structural complementarity between the
inhibitor and IDO clearly has an important role in inhibition as
well. Moreover, computational docking predicted binding at the
active site and rationalized many of the successful structural
modifications. The uncompetitive mode of inhibition displayed
by the most potent inhibitors (34, 39, and 50) would normally
point to allosteric binding and regulation; however, other IDO
inhibitors with a similar mode of inhibition have been shown
to actually bind at the active site. Detailed kinetic analysis may
shed further light on the precise molecular mechanism of IDO
inhibition by this class of compounds. In addition, studies will
also focus on enhancing the cell-based potency of this intriguing
and highly potent class of IDO inhibitors.

Experimental Section

General Procedures. All reactants and reagents were com-
mercially available and were used without further purification unless
otherwise indicated. Anhydrous CH,Cl,, benzene, and 2-propanol
were obtained by distillation from calcium hydride under nitrogen.
Anhydrous MeOH was obtained by distillation from Mg metal
under nitrogen. All reactions were carried out under an inert
atmosphere of argon or nitrogen unless otherwise indicated.
Concentrated refers to the removal of solvent with a rotary
evaporator at normal water aspirator pressure followed by further
evacuation with a two-stage mechanical pump. Thin-layer chro-
matography was performed using silica gel 60 A precoated glass
or aluminum-backed plates (0.25 mm thickness) with fluorescent
indicator, which were cut. Developed TLC plates were visualized
with UV light (254 nm), iodine, or KMnO,. Flash column
chromatography was conducted with the indicated solvent system
using normal-phase silica gel 60 A, 230-400 mesh. Yields refer to
chromatographically and spectroscopically pure (>95%) com-
pounds, except as otherwise indicated. All new compounds were
determined to be >95% pure by NMR, HPLC, and/or GC as
indicted. Melting points were determined using an open capillary
and are uncorrected. 'H and '*C NMR spectra were recorded at
300 and 75 MHz, respectively. Chemical shifts are reported in 0
values (ppm) relative to an internal reference (0.05% v/v) of
tetramethylsilane (TMS) for '"H NMR and the solvent peak in '*C
NMR, except where noted. Peak splitting patterns in the "H NMR
are reported as follows: s, singlet; d, doublet; t, triplet; q, quartet;
m, multiplet; br, broad. e experiments with the attached proton

Journal of Medicinal Chemistry, XXXX, Vol. xxx, No. xx G

test (APT) sequence have multiplicities reported as &, (up) for
methyl and methine and d4 (down) for methylene and quaternary
carbons. Normal-phase HPLC (NP-HPLC) analysis was performed
with UV detection at 254 nm and a 5 um silica gel column (250-4.6
mm) eluted with 90:10 or 85:15 n-hexane/IPA at 0.5 or 1 mL/min.
Reversed-phase HPLC (RP-HPLC) analysis was performed with
UV detection at 254 nm and a 5 um Eclipse XDB-Cg column
(250-4.6 mm) eluted with 50:50 solvent A/solvent B; solvent A,
40% acetonitrile in water; solvent B, 0.1 M ammonium acetate
adjusted to pH 5.3 with glacial acetic acid. IR data were obtained
with an FT-IR spectrometer. MS data were recorded with atmo-
spheric pressure chemical ionization (APCI) or atmospheric pressure
electrospray ionization (APESI) mode.
(S)-2-Amino-5-((R)-1-(carboxymethylamino)-3-(3-methyl-1,
4-dioxo-1,4-dihydronaphthalen-2-ylthio)-1-oxopropan-2-ylamino)-
5-oxopentanoic Acid (13). Prepared according to the literature
procedure® with a minor modification. To a solution of 2-methyl-
1,4-naphthoquinone (200 mg, 1.16 mmol) in dimethyl sulfoxide
(6 mL) and 95% ethanol (6 mL) at 0 °C was added L-glutathione
(178 mg, 0.581 mmol) as a solution in water (2 mL). After the
reaction mixture was stirred for 1 h, the reaction was diluted with
ethyl acetate (50 mL) and filtered. The precipitate (220 mg) was
boiled with water (30 mL) and filtered; the filtrate was diluted with
ethanol (15 mL) and left undisturbed overnight. The precipitated
product was isolated as a yellow solid (83 mg) in 30% yield, mp
= 195-197 °C dec. The product has poor solubility in many
solvents, which made it difficult to obtain NMR information: TLC
Ry = 0.40 (30% H,O/MeOH with 0.1% CF;CO,H); 'H NMR
(CDCl; + TFA) 6 10.99 (s, 1H), 8.49-8.07 (m, 2H), 7.86-7.78
(m, 4H), 4.84 (dd, 1H, J = 5.55, 2.75 Hz), 4.35 (m, 1H), 4.19 (d,
2H, J = 1.02 Hz), 3.46 (dd, 1H, J = 8.55, 5.58 Hz), 3.34 (dd, 1H,
J =1.68, 6.3 Hz), 2.83-2.87 (m, 2H), 2.45-2.36 (m, 2H), 2.40 (s,
3H); '*C NMR (DMSO-ds) 6, 134.4, 134.2, 126.9, 126.5, 53.6,
15.6 (2C); 04 182.3, 180.8, 172.5, 171.4, 171.0, 170.6, 148.3, 145.3,
132.8, 131.8, 41.5, 35.6, 31.8, 26.9; IR (KBr) 3353, 1682, 1642,
1511 ecm™'; APESI-MS m/z 500 (M™" + Na, 55), 478 M™* + 1,
100); RP-HPLC fz = 6.14 min (50:50; solvent A/solvent B, 0.5
mL/min).
(5)-2-Amino-5-((R)-1-(carboxymethylamino)-3-(1,4-dihydroxy-
3-methylnaphthalen-2-ylthio)-1-oxopropan-2-ylamino)-5-oxopen-
tanoic Acid (14). Prepared according to the literature procedure®
with a minor modification. To a solution of 2-methyl-1,4-naphtho-
quinone (100 mg, 0.581 mmol) under nitrogen in 95% ethanol (10
mL) at 0 °C was added L-glutathione (178 mg, 0.581mmol) as a
solution in water (2 mL). After being stirred overnight at rt, the
precipitated product was filtered and washed with water. The crude
product (210 mg) was boiled with water (2 — 20 mL) and filtered
while hot to afford the product as a violet solid in 57% yield: mp
= 216-217 °C dec; TLC R, = 0.40 (30% H,O/MeOH with 0.1%
CF;CO,H); '"H NMR (DMSO-ds) 6 8.51 (d, 1H, J = 7.35 Hz),
8.38 (s, 1H), 7.98-7.94 (m, 2H), 7.35-7.24 (m, 2H), 4.12 (m, 1H),
3.51 (d, 2H, J = 4.5 Hz), 3.32-3.25 (m, 1H), 2.90-2.74 (m, 2H),
2.33 (s, 3H), 2.22-2.07 (m, 2H), 1.82 (m, 2H); '*C NMR (DMSO-
de) 0, 126.3,124.7,122.7, 121.9, 53.2,52.8, 14.9; 64 172.2, 171.0,
170.8, 170.7, 148.8, 142.5, 127.1, 123.0, 122.1, 113.1, 41.2, 37.5,
31.5, 26.7; IR (KBr) 3410, 3350, 1687, 1629, 1512 cm™'; APESI-
MS miz 502 (M + Na, 15), 480 (M™ + 1, 100); RP-HPLC # =
6.06 min (50:50; solvent A/solvent B, 0.5 mL/min).
8-Methoxy-2-(phenylamino)-1,4-naphthaquinone. Prepared from
5-methoxy-1,4-naphthoquinone®® according to the literature pro-
cedure®” in 77% yield: mp = 150151 °C (lit mp 152 °C); TLC R,
= 0.45 (10% MeOH/CHCls); '"H NMR (CDCl3) 6 7.78 (dd, 1H, J
=6.58, 1.11 Hz), 7.71-7.66 (m, 2H), 7.43-7.38 (m, 2H), 7.27-7.17
(m, 3H), 6.35 (s, 1H), 4.03 (s, 3H); '*C NMR (CDCls) 6, 136.3,
129.8, 125.7, 122.9, 119.2, 116.4, 102.0, 56.6; 04 183.7, 180.4,
160.411, 145.9, 137.9, 135.7, 118.3; IR (KBr) 3302, 3275, 1670, 1616
cm™ .
2-Hydroxy-8-methoxy-1,4-naphthoquinone (22°%). A mixture
of 8-methoxy-2-(phenylamino)-1,4-naphthaquinone (0.500 g, 1.79
mmol) was heated to reflux for 5 h in concd HCI (15 mL). The
reaction mixture was allowed to cool to rt, diluted with water (20
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mL), and extracted with CHCIs. The organic extract was dried
(Na,SOy) and concentrated to afford a brownish solid: 325 mg in
89% yield; mp = 202-207 °C dec (lit.°® mp = 211214 °C dec;
TLC Ry = 0.18 (10% MeOH/CHCL;); 'H NMR (CDCl;) 6
7.80-7.71 (m, 3H), 7.28 (d, 1H, J = 1.23 Hz), 6.29 (s, 1H), 4.04
(s, 3H); '*C NMR (CDCl3) 6, 137.0, 119.7, 117.1, 108.7, 56.7; 4
184.9, 180.3, 160.6, 157.0, 135.5; IR (KBr) 3206, 1662 cm™".

2,8-Dihydroxy-1,4-naphthoquinone (21). Prepared from 22
according to the literature procedure®” in 73% yield: mp = 214-216
°C dec (1it."” mp = 210-215 °C dec; TLC R; = 0.33(20% MeOH/
CHCl;); '"H NMR (CDCl; + CD;0D) ¢ 7.67-7.57 (m, 2H), 7.21
(dd, 1H, J = 6.33, 1.62 Hz), 6.23 (s, 1H); '*C NMR (CDCl; +
CD;OD) 8, 137.2, 123.3, 118.7, 111.7; 04 185.9, 185.1, 161.3,
159.2, 132.4, 113.8.

General Procedure for the Synthesis of Pyranonaphtho-
quinones by the 67 Electrocyclization Reaction. A solution of
the appropriate 1,4-naphthoquinone (1.00 mmol) and o,/-unsatur-
ated aldehyde (1.25 mmol), 5-alanine (0.15 mmol), and acetic acid
(6.0 mmol) in benzene (15 mL) was heated to reflux for 18 h. The
reaction mixture was then concentrated in vacuo. Flash chroma-
tography afforded the desired products.

2,2-Dimethyl-2H-benzo[g]chromene-5,10-dione (23). Pyra-
nonaphthoquinone 23 was synthesized from 2-hydroxy-1,4-naph-
thoquinone 7 and 3-methylcrotonaldehyde according to the general
procedure to yield 68%: mp = 142-143 °C (lit. mp = 145-146
°C). The product matched previously reported analytical data in
the literature.*'

Methyl 2-Methyl-5,10-diox0-5,10-dihydro-2H-benzo[g]chromene-
2-carboxylate (24). Pyranonaphthoquinone 24 was synthesized from
2-hydroxy-1,4-naphthoquinone 7 and fumaraldehydic acid methyl
ester®”7° according to the general procedure to afford 24 as a yellow
solid in 22% yield: mp = 131-132 °C; TLC Ry = 0.43 (20% EtOAc/
hexanes); "H NMR (CDCl;) & 8.14-8.08 (m, 2H), 7.76-7.70 (m,
2H), 6.79 (d, 1H, J = 9.84 Hz), 5.88 (d, 1H, J = 9.84 Hz), 3.77 (s,
3H), 1.84 (s, 3H); '>’C NMR (CDCls) 0, 134.3, 133.7, 126.6, 126.5,
126.2, 118.0, 53.3, 25.5; 04 181.8, 178.9, 170.8, 152.6, 131.6, 131.5,
117.9, 81.1; IR (KBr) 1749, 1671, 1651 cm™'; APCI-MS m/z 284
(M™, 100); NP-HPLC #g = 7.1 min (85:15; n-hexane/IPA, 0.5 mL/
min).

6-Hydroxy-2,2-dimethyl-2H-benzo[g]chromene-5,10-dione (25).
Pyranonaphthoquinone 25 was synthesized from 2,5-dihydroxy-
1,4-naphthoquinone 157" and 3-methylcrotonaldehyde according to
the general procedure to afford 25 as an orange-red solid in 69%
yield: mp = 159-160 °C (lit.”> mp = 156-158 °C); TLC R; =
0.65 (20% EtOAc/hexanes); 'H NMR (CDCls) 0 12.2 (s, 1H), 7.61
(dd, 1H, J = 6.18, 1.26 Hz), 7.53 (t, 1H, J = 8.22 Hz), 7.22 (dd,
1H, J = 7.08, 1.26 Hz), 6.60 (d, 1H, J = 10.02 Hz), 5.73 (d, 1H,
J = 10.05 Hz), 1.56 (s, 6H); '*C NMR (CDCl5)d, 135.5, 130.9,
125.1, 119.3, 114.7, 28.6; 04 187.6, 179.3, 161.3, 153.2, 131.6,
117.7, 113.8, 81.1; IR (KBr) 3452, 1671, 1620 cm™'; APCI-MS
mlz 258 M+ + 2, 15), 257 (M + 1, 100); NP-HPLC tr = 7.4
min (85:15; n-hexane/IPA, 0.5 mL/min).

6-Methoxy-2,2-dimethyl-2H-benzo[g]chromene-5,10-dione (26).
Pyranonaphthoquinone 26 was synthesized from 2-hydroxy-5-
methoxy-1,4-naphthoquinone 16”' and 3-methylcrotonaldehyde
according to the general procedure to afford 26 as a yellow solid
in 76% yield: mp = 126-127 °C; TLC Ry = 0.45 (40% EtOAc/
hexanes); '"H NMR (CDCl3)é 7.78 (dd, 1H, J = 6.57, 1.08 Hz),
7.61 (t, 1H, J = 8.40 Hz), 7.30 (d, 1H, J = 0.90 Hz), 6.67 (d, 1H,
J=9.96 Hz), 5.72 (d, 1H, J = 9.99 Hz), 4.0 (s, 3H), 1.53 (s, 6H);
3C NMR (CDCl3) 8, 134.3, 131.4, 119.2, 118.6, 116.0, 56.7, 28.4;
04 181.6, 180.2, 159.7, 150.8, 133.9, 119.5, 119.4, 79.9; IR (KBr)
1716, 1670, 1644 cm™'; APCI-MS m/z 271 M* + 1, 25), 270
(M™, 100); NP-HPLC tr = 11.8 min (85:15; n-hexane/IPA, 0.5
mL/min).

7-Hydroxy-2,2-dimethyl-2H-benzo[g]chromene-5,10-dione (27).
Pyranonaphthoquinone 27 was synthesized from 2,6-dihydroxy-
1,4-naphthoquinone 1772 and 3-methylcrotonaldehyde according to
the general procedure to afford 27 as an orange-red solid in 71%
yield: mp = 195 °C dec; TLC Ry = 0.50 (5% MeOH/CHCly); 'H
NMR (CDCl; + CD;OD) ¢ 7.96 (dd, 1H, J = 6.09, 2.40 Hz), 7.38
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(d, 1H, J = 1.83 Hz), 7.05 (dd, 1H, J = 6.27, 2.19 Hz), 6.59 (dd,
1H, J = 7.89, 2.1 Hz), 5.67 (d, 1H, J = 9.99 Hz), 1.54 (s, 3H);
13C NMR (CDCl; + CD;0D) 6, 130.3, 129.5, 120.2, 115.4, 112.7,
28.4; 04 182.6, 179.1, 163.2, 153.3, 134.0, 124.0, 117.5, 80.8. IR
(KBr) 3343, 3246, 1738, 1660, 1630 cm™'; APCI-MS m/z 256 (M ™,
15), 255 M+ — 1, 100); NP-HPLC #z = 8.4 min (85:15; n-hexane/
IPA, 0.5 mL/min).
7-Methoxy-2,2-dimethyl-2H-benzo[g]chromene-5,10-dione (28).
Pyranonaphthoquinone 28 was synthesized from 2-hydroxy-6-
methoxy-1,4-naphthoquinone 187> and 3-methylcrotonaldehyde
according to the general procedure to afford 28 as a yellow solid
in 71% yield: TLC Ry = 0.43 (20% EtOAc/hexanes); '"H NMR
(CDCl3) 6 8.02 (d, 1H, J = 8.61 Hz), 7.53 (s, 1H), 7.12 (dd, 1H,
J = 6.06, 2.25 Hz), 6.63 (d, 1H, J = 9.96 Hz), 5.67 (d, 1H, J =
9.99 Hz), 3.93 (s, 3H), 1.54 (s, 6H); '>*C NMR (CDCls) 8, 130.4,
129.0, 119.4, 115.7, 110.4, 56.1, 28.6; 64 181.9, 179.1, 164.6, 153.1,
134.1, 125.2, 117.7, 80.7; IR (KBr) 1663, 1646 cm™'; APCI-MS
mlz 272 M+ + 2, 20), 271 (M + 1, 100); NP-HPLC 1 = 8.4
min (90:10; n-hexane/IPA, 0.5 mL/min).
8-Hydroxy-2,2-dimethyl-2H-benzo[g]chromene-5,10-dione (29).
Pyranonaphthoquinone 29 was synthesized from 2,7-dihydroxy-
1,4-naphthoquinone 197 and 3-methylcrotonaldehyde according to
the general procedure to afford a 75% yield of 29, an orange-red
solid: mp = 206-210 °C dec; TLC Ry = 0.50 (5% MeOH/CHCl;);
"H NMR (CDCl3) 6 7.94 (d, 1H, J = 8.46 Hz), 7.42 (d, 1H, J =
2.4 Hz), 7.10 (dd, 1H, J = 6.03, 2.43 Hz), 6.62 (d, 1H, J = 9.96
Hz), 5.74 (d, 1H, J = 9.99 Hz), 1.54 (s, 6H); '*C NMR (CDCl; +
CD;0D) 6, 131.2, 129.1, 120.9, 115.7, 112.6, 28.3; 54 181.7, 180.7,
162.3, 152.2, 133.5, 123.9, 118.0, 80.3; IR (KBr) 3354, 1673, 1638,
1570 cm™'; APCI-MS m/z 256 (M, 20), 255 (M™ — 1, 100); NP-
HPLC g = 8.6 min (85:15; n-hexane/IPA, 0.5 mL/min).
8-Methoxy-2,2-dimethyl-2H-benzo[g]chromene-5,10-dione (30).
Pyranonaphthoquinone 30 was synthesized from 2-hydroxy-7-
methoxy-1,4-naphthoquinone 207° and 3-methylcrotonaldehyde
according to the general procedure to afford 30 as a yellow solid
in 72% yield. mp=130 °C. TLC R;= 0.43 (20% EtOAc/Hexanes);
'"H NMR (CDCl3) 6 8.02 (d, 1H, J = 8.58 Hz), 7.53 (d, 1H, J =
2.31 Hz), 7.15 (dd, 1H, J = 6.09, 2.49 Hz), 6.64 (d, 1H, J = 9.96
Hz), 5.70 (d, 1H, J = 9.96 Hz), 3.93 (s, 3H), 1.54 (s, 6H); '°C
NMR (CDCl;) 6, 131.1, 128.8, 120.2, 115.9, 110.2, 56.1, 28.5;
04181.5, 180.1, 163.9, 152.4, 133.7, 125.1, 118.0, 80.4. IR (KBr)
1673, 1641, 1595, 1578 cm™'; APCI-MS m/z 271 (M" + 1, 20),
270 (M™, 100); NP-HPLC z = 8.0 min (85:15; n-hexane/IPA, 0.5
mL/min).
9-Hydroxy-2,2-dimethyl-2H-benzo[g]chromene-5,10-dione (31).
Pyranonaphthoquinone 31 was synthesized from 2,8-dihydroxy-
1,4-naphthoquinone 21 and 3-methylcrotonaldehyde according to
the general procedure to afford 31 as an orange solid in 56% yield:
mp = 155-157 °C (lit”> mp = 160-165 °C; lit.”* mp =
143.5-145.5 °C dec); TLC Ry = 0.57 (25% EtOAc/hexanes); 'H
NMR (CDCl3) 6 11.86 (s, 1H), 7.62-7.54 (m, 2H), 7.19 (dd, 1H,
J =15.70, 1.95 Hz), 6.61 (d, IH, J = 10.02 Hz), 5.72 (d, 1H, J =
10.02 Hz), 1.55 (s, 6H); '*C NMR (CDCl3)d, 136.9, 131.5, 124.1,
119.2, 115.6, 28.6; 04 184.9, 181.2, 161.7, 152.3, 131.7, 118.7,
114.7, 80.9; IR (KBr) 3418, 1641, 1624, 1577 cm™'; APCI-MS
mlz 257 M* + 1, 15), 226 (M*, 100); NP-HPLC z = 7.5 min
(85:15; n-hexane/IPA, 0.5 mL/min).
9-Methoxy-2,2-dimethyl-2H-benzo[g]chromene-5,10-dione (32).
Pyranonaphthoquinone 32 was synthesized from 2-hydroxy-8-
methoxy-1,4-naphthoquinone 22 and 3-methylcrotonaldehyde ac-
cording to the general procedure to afford 32 as a yellow solid in
52% yield: mp 135-136 °C (lit.”> mp = 139.5-141.5 °C; 1it.”® mp
= 132-134 °C); TLC Ry = 0.40 (40% EtOAc/hexanes); 'H NMR
(CDCl3) 0 7.75 (dd, 1H, J = 6.81, 0.78 Hz), 7.63 (t, 1H, J = 8.19
Hz), 7.23 (d, 1H, J = 8.43 Hz), 6.60 (d, 1H, J =9.93 Hz), 5.65 (d,
1H, J = 9.93), 3.98 (s, 3H), 1.52 (s, 6H); '>*C NMR (CDCl3) 6,
135.2,130.2, 119.2, 117.7, 115.5, 56.7, 28.5; 04181.8, 178.8, 160.0,
153.5, 134.2, 119.6, 116.2, 80.6. IR (KBr): 1734, 1671, 1644, 1583
cm™'; APCI-MS m/z 272 M* + 2, 15), 271 (M™ + 1, 100); NP-
HPLC g = 12.3 min (85:15; n-hexane/IPA, 0.5 mL/min).
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2,2-Dimethyl-3,4-epoxy-2H-naphtho[2,3-b]pyran-5,10-dione
(33). The compound was synthesized via the reported procedure*'
to afford a 62% yield: mp = 138-139 °C (lit.*' mp 139-140 °C).
The spectroscopic data matched the reported information in the
literature.

5-Hydroxy-2,2-dimethyl-1aH-benzo[g]oxireno|2,3-cJchromene-
4,92H,9bH)-dione (35). Alkene 31 (150 mg, 0.585 mmol) was
dissolved in CH,Cl,, cooled to 0 °C, and treated with mCPBA (152
mg, 0.878 mmol).”” The reaction was stirred overnight at 0 °C.
The solvent was removed in vacuo, and the crude product was
chromatographed on silica gel to afford 84 mg of the epoxide 35
(53% yield), a yellow solid. Unreacted 31 was also recovered (48
mg). Characterization data for 35: mp = 145-150 °C; yellow solid;
TLC Ry = 0.33 (20% EtOAc/hexanes); '"H NMR (CDCl3) 6 11.74
(s, 1H), 7.70—7.61 (m, 2H), 7.27-7.22 (m, 1H), 433 (d, 1H, J =
4.41 Hz), 3.55 (d, 1H, J = 4.44 Hz), 1.71 (s, 3H), 1.46 (s, 3H);
13C NMR (CDCl3) 6, 137.3, 124.3, 119.3, 61.6, 43.8, 25.3, 23.5;
04 184.1, 182.4, 162.1, 153.7, 131.9, 118.1, 114.5, 78.5; IR (KBr)
3421, 1644, 1612 cm™'; APCI-MS m/z 305 (M* + MeOH, 100),
273 M* + 1, 18).

General Procedure for the Epoxide-Opening Reaction. To a
solution of epoxide 33 (256 mg, 1.0 mmol) in CH,Cl, (10 mL) at
0 °C was added InCl; (0.05 mmol) followed by the addition of the
appropriate nucleophile (4 equiv), and the reaction mixture was
allowed to warm to rt and stirred for 1-3 h. The solvent was
evaporated, and the crude product was chromatographed on silica
to give the desired products. The relative stereochemical conforma-
tion was assigned based on the coupling constant of the methine
protons in '"H NMR and confirmed in the case of 34 by an X-ray
crystal structure.

(35,4S and 3R 4R)-4-(Benzylamino)-3-hydroxy-2,2-dimethyl-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (36). Compound
36 was synthesized using the general procedure with benzylamine.
Chromatographic separation afforded pure cis diastereomer 36 as
a yellow solid in 53% yield: mp = 155 °C; TLC Ry = 0.30 (25%
EtOAc/hexanes); 'H NMR (CDCls) 6 8.07-8.01 (m, 2H), 7.72-7.63
(m, 2H), 7.45 —7.25 (m, 5H), 4.66 (br s, 1H), 3.99-3.88 (m, 3H),
3.72 (d, 1H, J = 4.47 Hz), 3.32 (br s, 1H), 1.67 (s, 3H), 1.25 (s,
3H); "*C NMR (CDCl3) 8, 134.4, 133.5, 128.8, 128.5, 127.7, 126.6,
126.3, 66.9, 51.6, 24.8, 22.5; 64 185.7, 179.4, 155.0, 139.1, 132.4,
131.0, 117.3, 80.7, 51.9; IR (KBr) 3342, 1681, 1643, 1612, 1578
cm™'; APCI-MS m/z 365 M + 2, 25), 364 M + 1, 100); NP-
HPLC g = 7.6 min (85:15; n-hexane/IPA, 0.5 mL/min).

(3R,4S and 3S,4R)-4-(Benzylamino)-3-hydroxy-2,2-dimethyl-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (37). Compound
37 was synthesized using the general procedure with benzylamine.
Chromatographic separation afforded pure trans diastereomer 37
as a yellow solid in 37% yield: mp = 88-89 °C; TLC Ry = 0.50
(5% MeOH/CHCl;); '"H NMR (CDCl3) & 8.12-8.08 (m, 2H),
7.77-7.67 (m, 2H), 7.33-7.19 (m, 5H), 3.90 (d, 1H, J = 8.58 Hz),
3.79 (d, 1H, J = 8.55 Hz), 3.68 (d, 1H, J = 12.39 Hz), 3.53 (d,
1H, J = 12.36 Hz), 2.97 (br s, 1H), 1.65 (s, 3H), 1.31 (s, 3H); '°C
NMR (CDCly) 6, 134.4, 133.5, 128.7, 128.4, 127.4, 126.7, 126.3,
70.0, 55.3, 26.1, 19.3; 64 184.9, 179.6, 155.5, 140.0, 132.4, 131.3,
119.5, 82.2, 48.3; IR (KBr) 3343, 1723, 1683, 1640, 1607, 1577
cm™'; APCI-MS m/z 365 (M* + 2, 25), 364 (M + 1, 100); NP-
HPLC g = 8.0 min (85:15; n-hexane/IPA, 0.5 mL/min).

(35,4S and 3R,4R)-4-(Allylamino)-3-hydroxy-2,2-dimethyl-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (38). Compound
38 was synthesized using the general procedure with allylamine.
Chromatographic separation afforded pure cis diastereomer 38 as
a yellow solid in 58% yield: mp = 127-128 °;. TLC Ry = 0.60
(5% MeOH/CHCl;); '"H NMR (CDCl3) & 8.10-8.04 (m, 2H),
7.76-7.66 (m, 2H), 6.06-5.93 (m, 1H), 5.31 (dd, 1H J = 15.66,
1.51 Hz), 5.20 (dd, 1H, J = 8.97, 1.26 Hz), 3.94 (d, 1H, J = 4.53
Hz), 3.67 (d, 1H, J = 4.53 Hz), 3.43-3.40 (m, 2H), 1.67 (s, 3H),
1.28 (s, 3H); ">C NMR (CDCl5)d, 135.9, 134.3, 133.4, 126.6, 126.3,
66.8,51.3,24.8, 22.5; 04 185.6, 179.3, 155.1, 132.5, 131.0, 117.4,
117.2, 80.7, 50.1; IR (KBr) 3355, 1681, 1641, 1609 cm™'; APCI-
MS m/z 315 M™ + 2, 20), 314 (M™ + 1, 100); NP-HPLC # =
10.0 min (85:15; n-hexane/IPA, 0.5 mL/min).
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(3RA4S and 3S,4R)-4-(Allylamino)-3-hydroxy-2,2-dimethyl-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (39). Compound
39 was synthesized using the general procedure with allylamine.
Chromatographic separation afforded pure trans diastereomer 39
as a yellow solid in 29% yield: mp = 131-132 °C; TLC R, = 0.60
(10% MeOH/CHCl;); '"H NMR (CDCl3) 6 8.12-8.06 (m, 2H),
7.77-7.67 (m, 2H), 5.94-5.81 (m, 1H), 5.18 (dd, 1H J = 15.6,
1.53 Hz), 5.13 (dd, 1H, J = 8.91, 1.32 Hz), 3.88 (d, 1H, J = 8.64
Hz), 3.76 (d, 1H, J = 8.64 Hz), 3.20 (dd, 1H, J = 7.98, 5.70 Hz),
3.01 (dd, 1H, J = 7.59, 6.03 Hz), 1.65 (s, 3H), 1.32 (s, 3H); '*C
NMR (CDCl;) 6, 136.3, 134.5, 133.6, 126.7, 126.3, 70.1, 54.9,
26.2,19.2; 04 184.9,179.5, 155.5, 132.3, 131.2, 119.2, 116.7, 82.3,
46.6; IR (KBr) 3319, 3149, 1678, 1634, 1621 cm™'; APCI-MS
m/z 315 M+ + 2, 20), 314 (M™ + 1, 100); NP-HPLC % = 10.5
min (85:15; n-hexane/IPA, 0.5 mL/min).

(35,45)-4-(Butylamino)-3-hydroxy-2,2-dimethyl-3,4-dihydro-
2H-benzo[g]chromene-5,10-dione (40). Compound 40 was syn-
thesized using the general procedure with allylamine. Chromato-
graphic separation afforded pure cis diastereomer 40 as a yellow
solid in 58% yield: mp = 120-121 °C; TLC Ry= 0.60 (5% MeOH/
CHCl;); 'H NMR (CDCl3) 6 8.11-8.05 (m, 2H), 7.76-7.66 (m,
2H), 3.85 (d, 1H, J = 4.50 Hz), 3.70 (d, 1H, J = 4.50 Hz),
2.86-2.68 (m, 2H), 1.68 (s, 3H), 1.62-1.38 (m, 4H), 1.29 (s, 3H),
0.96 (t, 3H, J = 7.11 Hz); '>*C NMR (CDCl3) 6, 134.4, 133.5,
126.6, 126.3, 67.0, 52.5, 24.9, 22.4, 14.2; §4 185.8, 179.5, 155.0,
132.5, 131.2, 117.3, 80.8, 47.6, 32.4, 20.6; IR (KBr) 3335, 3281,
1680, 1629, 1602, 1575 cm™'; APCI-MS m/z 331 (M™ + 2, 25),
330 (M™ + 1, 100); NP-HPLC #z = 10.07 min (85:15; n-hexane/
IPA, 0.5 mL/min).

(3R,4S and 3S,4R)-4-(Butylamino)-3-hydroxy-2,2-dimethyl-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (41). Compound
41 was synthesized using the general procedure with allylamine.
Chromatographic separation afforded pure trans diastereomer 41
as a yellow solid in 16% yield: mp = 103-104 °C; TLC R, = 0.60
(10% MeOH/CHCl;); '"H NMR (CDCl;) 6 8.11-8.05 (m, 2H),
7.75-7.66 (m, 2H), 3.81 (d, 1H, J = 9.00 Hz), 3.72 (d, IH, J =
8.97 Hz), 2.52-2.44 (m, 1H), 2.31-2.23 (m, 1H), 1.65 (s, 3H),
1.43-1.30 (m, 4H), 1.30 (s, 3H), 0.86 (t, 3H, J = 7.20 Hz); '*C
NMR (CDCl) 9, 134.4, 133.5, 126.7, 126.3, 69.9, 55.1, 26.3, 18.9,
14.1; 64 184.9, 179.6, 155.5, 132.4, 131.4, 119.6, 82.2, 43.2, 32.9,
20.5; IR (KBr) 3210, 1681, 1637, 1612 cm™'; APCI-MS m/z 331
M™ + 2, 20), 330 M+ + 1, 100); NP-HPLC fz = 9.8 min (85:
15; n-hexane/IPA, 0.5 mL/min).

(35,4S and 3R,4R)-3-Hydroxy-2,2-dimethyl-4-morpholino-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (42). Compound
42 was synthesized using the general procedure with morpholine.
Chromatographic separation afforded pure cis diastereomer 42 as
a yellow solid in 57% yield: mp = 103-104 °C; TLC R; = 0.44
(5% MeOH/CHCl3); '"H NMR (CDCls) 6 8.09 (d, 2H, J = 7.59
Hz), 7.77-7.69 (m, 2H), 3.67 (t, 4H, J = 4.47 Hz), 3.57 (s, 2H),
3.06 (m, 2H), 2.94 (s, 1H), 2.65-2.58 (m, 2H), 1.64 (s, 3H), 1.34
(s, 3H); '*C NMR (CDCl3) 6, 134.5, 133.4, 126.6, 71.7, 62.1, 26.4,
19.6; 64 184.9, 179.6, 155.9, 132.5, 131.1, 119.8, 81.9, 68.3, 50.7;
IR (KBr) 3500, 2938, 2854, 2819, 1666, 1645, 1611, 1581 cm™*;
APCI-MS m/z 345 (M™ + 2, 20), 344 (M™" + 1, 100); NP-HPLC
tr = 13.3 min (85:15; n-hexane/IPA, 0.5 mL/min).

(3R, 4S and 3S,4R)-3-Hydroxy-2,2-dimethyl-4-morpholino-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (43). Compound
43 was synthesized using the general procedure with morpholine.
Chromatographic separation afforded pure trans diastereomer 43
as a yellow solid in 14% yield: mp = 157-158 °C; TLC R;= 0.70
(5% MeOH/CHCl;); '"H NMR (CDCl3) & 8.13-8.09 (m, 2H),
7.79-7.68 (m, 2H), 4.17 (s, 1H), 3.95 (d, 1H, J = 6.15 Hz),
3.73-3.64 (m, 5H), 2.99 (m, 2H), 2.73-2.66 (m, 2H), 1.51 (s, 3H),
1.44 (s, 3H); '*C NMR (CDCl3) 8, 134.5, 133.6, 126.8, 126.6, 70.6,
56.6,26.4,22.2; 4 185.1, 179.3, 155.9, 132.1, 131.2, 118.3, 81.5,
67.9, 52.8; IR (KBr) 3487, 2990, 2852, 1679, 1638, 1578 cm™ ';
APCI-MS m/z 345 M™ + 2, 25), 344 (M + 1, 100); NP-HPLC
tr = 13.1 min (85:15; n-hexane/IPA, 0.5 mL/min).
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(35,4S and 3R,4R)-3-Hydroxy-4-methoxy-2,2-dimethyl-3,4-
dihydro-2H-benzo[g]chromene-5,10-dione (44). Compound 44
was synthesized using the general procedure with methanol as
previously described in the literature.*' Chromatographic separation
afforded pure cis diastereomer 44 in 54% yield: 'H NMR (CDCl3)
0 8.10-8.07 (m, 2H), 7.73-7.67 (m, 2H), 4.35 (d, 1H, J = 3.0 Hz),
3.91 (br s, 1H), 3.64 (s, 3H), 1.88 (br s, 1H), 1.55 (s, 3H), 1.50 (s,
3H). The analytical data matched the literature report.*'

(3R4S and 3S,4R)-3-Hydroxy-4-methoxy-2,2-dimethyl-3,4-
dihydro-2H-benzo[g]chromene-5,10-dione (45). Compound 45
was synthesized using the general procedure with methanol as
previously described in the literature.*' Chromatographic separation
afforded pure trans diastereomer 45 in 28% yield: "H NMR (CDCls)
0 8.21-8.05 (m,2H), 7.79-7.73 (m, 2H), 7.01 (d, 1H, J = 2.49
Hz), 4.29 (d, 1H, J = 4.89 Hz), 3.17 (s, 3H), 2.02 (d, 1H, J = 5.61
Hz), 1.49 (s, 3H), 1.44 (s, 3H). The analytical data matched the
literature report.”

(35,48 and 3R,4R)-4-(Benzyloxy)-3-hydroxy-2,2-dimethyl-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (46). Compound
46 was synthesized using the general procedure with benzyl alcohol.
Chromatographic separation afforded pure trans diastereomer 46
as a yellow solid in 48% yield: mp = 149-150 °C; TLC R;= 0.30
(20% EtOAc/hexanes); "H NMR (CDCls) 6 8.05 (t, 2H,J = 7.50
Hz), 7.72-7.62 (m, 2H), 7.38-7.26 (m, 5H), 4.97 (d, 1H, J = 11.28
Hz), 4.84 (d, 1H, J = 11.30 Hz), 4.60 (d, 1H, J = 2.88 Hz), 3.85
(d, 1H, J = 2.94 Hz), 2.18 (s, 1H), 1.55 (s, 3H), 1.52 (s, 3H); '°C
NMR (CDCly) 6, 134.5, 133.3, 128.6, 128.1, 128.0, 126.6, 126.4,
72.4,71.5,24.0,23.7; 64 184.4, 180.1, 154.0, 138.6, 132.5, 131.2,
118.4, 81.4, 74.0; IR (KBr) 3481, 1635, 1591 cm™'; APCI-MS
mlz 366 M™ + 2, 10), 365 M ™ + 1, 35), 257 (100); NP-HPLC
tr = 8.3 min (85:15; n-hexane/IPA, 0.5 mL/min).

(3R4S and 3S5,4R)-4-(Benzylthio)-3-hydroxy-2,2-dimethyl-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (47). Compound
47 was synthesized using the general procedure with benzyl
mercaptan. Chromatographic separation afforded pure cis diaste-

reomer 47 as a yellow solid in 45% yield: mp = 151 °C; TLC Ry

= (.30 (25% EtOAc/hexanes); "H NMR (CDCls) 6 8.06-8.01 (m,
2H), 7.72-7.61 (m, 2H), 7.41-7.15 (m, 5H), 4.30 (d, 1H, J = 13.08
Hz), 4.05 (d, 1H, J = 13.08 Hz), 3.65-3.58 (m, 2H), 2.32 (d, 1H,
J = 3.96 Hz), 1.49 (s, 3H), 1.29 (s, 3H); '*C NMR (CDCl3) 9,
134.3, 133.3, 129.4, 128.9, 127.6, 126.5, 126.4, 74.5, 42.4, 25.5,
20.8; 04 183.9, 179.5, 153.2, 138.6, 132.6, 131.1, 121.4, 81.1, 38.8;
IR (KBr) 3453, 1673, 1645, 1603, 1574 cm™'; APCI-MS m/z 382
M+ + 2, 25), 381 (M" + 1, 100); NP-HPLC g = 7.5 min (85:
15; n-hexane/IPA, 0.5 mL/min).

(35,45 and 3R,4R)-4-(Benzylthio)-3-hydroxy-2,2-dimethyl-
3,4-dihydro-2H-benzo[g]chromene-5,10-dione (48). Compound
48 was synthesized using the general procedure with benzyl
mercaptan. Chromatographic separation afforded pure trans dias-
tereomer 48 as a yellow solid in 27% yield: mp = 127-128 °C;
TLC R; = 0.46 (20% EtOAc/hexanes); 'H NMR (CDCl;) 6
8.15-8.07 (m, 2H), 7.77-7.66 (m, 2H), 7.45-7.26 (m, 5H), 4.26
(d, 1H, J = 12.69 Hz), 4.14 (d, 1H, J = 12.69 Hz), 4.09 (d, 1H, J
= 6.15 Hz), 3.74 (dd, 1H, J = 6.15, 3.39 Hz), 2.88 (d, 1H, J =
9.57 Hz), 1.50 (s, 3H), 1.24 (s, 3H); ">*C NMR (CDCl3) 0, 134.4,
133.5, 129.5, 129.1, 127.9, 126.7, 126.5, 69.6, 42.6, 26.5, 20.3; d4
183.8,179.6, 152.9, 138.1, 132.5, 131.2, 121.8, 81.7, 40.2; IR (KBr)
3421, 1681, 1645, 1609, 1574 cm™'; APCI-MS m/z 382 M* + 2,
25),381 (M" + 1, 100); NP-HPLC #z = 8.0 min (85:15; n-hexane/
IPA, 0.5 mL/min).

(35,45)-4-(Benzylamino)-3,6-dihydroxy-2,2-dimethyl-3,4-di-
hydro-2H-benzo[g]chromene-5,10-dione (49). Alkene 25 (50 mg,
0.195 mmol) was dissolved in CH,Cl, (3 mL), cooled to 0 °C, and
treated with mCPBA (50.0 mg, 0.290 mmol).”” The reaction was
stirred overnight at O °C. The solvent was removed in vacuo, and
the crude solid epoxide product 34 was treated with benzylamine
(0.975 mmol) in 2-propanol (3 mL). After the reaction was stirred
for 30 min, the solvent was removed in vacuo, and the crude was
purified by preparative TLC to afford 25 mg of product 49 in 34%
yield: TLC Ry = 0.30 (25% EtOAc/hexanes); "H NMR (CDCl;) 6
12.27 (s, 1H), 7.64-7.22 (m, 8H), 4.01-3.90 (m, 3H), 3.72 (d, 1H,
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J = 4.21 Hz), 1.67 (s, 3H), 1.26 (s, 3H); '>*C NMR (CDCls) 8,
135.6, 128.9, 128.5, 127.8, 125.5, 119.6, 66.9, 51.4, 24.8, 22.6; 04
191.5, 161.4, 155.9, 139.0, 131.1, 116.9, 81.2, 52.0; APCI-MS m/z
381(M+ + 2, 20), 380 M + 1, 100); NP-HPLC fz = 4.0 min
(85:15; n-hexane/IPA, 1 mL/min).

(35,45)-4-(Benzylamino)-3,9-dihydroxy-2,2-dimethyl-3,4-di-
hydro-2H-benzo[g]chromene-5,10-dione (50). To a solution of
epoxide 35 (50 mg, 0.184 mmol) in 2-propanol (5 mL) at rt was
added benzylamine (0.734 mmol), and the reaction mixture was
stirred for 30 min. The solvent was removed in vacuo, and the
crude was chromatographed on silica gel to afford the desired cis
isomer 50 as a yellow solid (40 mg, 58% yield): mp = 140-141
°C; TLC Ry = 0.30 (20% EtOAc/hexanes); '"H NMR (CDCl;) 6
11.70 (s, 1H), 7.59-7.18 (m, 8H), 3.99-3.88 (m, 3H), 3.71 (d, 1H,
J = 4.26 Hz), 1.67 (s, 3H), 1.26 (s, 3H); '*C NMR (CDCls) 8,
137.1, 128.9, 128.6, 127.8, 124.0, 119.2, 66.9, 51.7, 24.9, 22.6; dq4
184.8, 184.2, 161.9, 154.8, 139.0, 132.5, 118.1, 114.2, 81.0, 51.9;
IR (KBr) 3340, 1636, 1603 cm™'; APCI-MS m/z 381(M*+ + 2,
25),380 (M™* + 1, 100); NP-HPLC fz = 7.8 min (85:15; n-hexane/
IPA, 0.5 mL/min).

2,2-Dimethyl-3,4-dihydro-2H-benzo[g]chromene-5,10-dione
(51). Prepared according to the literature procedure®' to afford 92%
yield of 51: mp = 114-115 °C (lit.* mp = 113114 °C); 'H NMR
(CDCl3) 0 8.10—8.05 (m, 2H), 7.73—7.63 (m, 2H), 2.62 (t, 2H, J
= 6.66 Hz), 1.83 (t, 2H, J = 6.60 Hz), 1.44 (s, 6H). The product
matched previously reported analytical data in the literature.*'

(3R,4S and 3S,4R)-3-Bromo-4-hydroxy-2,2-dimethyl-3,4-di-
hydro-2H-benzo[g]chromene-5,10-dione (52). Prepared according
to the literature procedure*' to afford 26% yield of 52: mp =
174-175 °C (lit.*' mp = 176 °C); "H NMR (CDCl;) 6 8.14-8.09
(m, 2H), 7.79-7.72 (m, 2H), 5.09 (dd, 1H, J = 5.31, 1.62 Hz),
4.16 (d, 1H, J = 6.93 Hz), 4.04 (d, IH, J = 1.5 Hz), 1.73 (s, 3H),
1.58 (s, 3H). The product matched previously reported analytical
data in the literature.*'

(35,4S and 3R,4R)-3,4-Dihydroxy-2,2-dimethyl-3,4-dihydro-
2H-benzo[g]chromene-5,10-dione (53). Prepared according to the
literature procedure*' to afford 53% yield of 53: mp = 168169
°C; TLC Ry = 0.20 (25% EtOAc/hexanes); '"H NMR (CDCls) 6
8.12-8.06 (m, 2H), 7.77-7.68 (m, 2H), 5.01 (d, 1H, J = 4.47 Hz),
4.80 (s, 1H), 3.84 (d, 1H, J = 4.44 Hz), 3.12 (s, 1H), 1.63 (s, 3H),
1.37 (s, 3H); '*C NMR (CDCl3) 6, 134.5, 133.9, 126.9, 126.2, 70.1,
63.0,23.9, 23.6; 64 187.2, 179.4, 154.1, 132.2, 131.3, 117.2, 82.0;
NP-HPLC g = 9.9 min (85:15; n-hexane/IPA, 1 mL/min).

Biochemical Assays. Recombinant human IDO was expressed
and purified as described.”® The ICs, inhibition assays were
performed in a 96-well microtiter plate as described by Littlejohn
et al.”® with some modification. Briefly, the reaction mixture
contained 50 mM potassium phosphate buffer (pH 6.5), 40 mM
ascorbic acid, 400 ug/mL catalase, 20 #M methylene blue, and ~27
nM purified recombinant IDO per reaction. The reaction mixture
was added to the substrate, L-tryptophan (L-Trp), and the inhibitor.
The inhibitors were serially diluted in 3-fold increments ranging
from 100 uM to 1.69 nM, and the L-Trp was tested at 100 uM (K,
= 80 uM). The reaction was carried out at 37 °C for 60 min and
stopped by the addition of 30% (w/v) trichloroacetic acid. The plate
was incubated at 65 °C for 15 min to convert N-formylkynurenine
to kynurenine and was then centrifuged at 1250g for 10 min. Lastly,
100 uL of supernatant from each well was transferred to a new
96-well plate and mixed at equal volume with 2% (w/v) p-
dimethylaminobenzaldehyde in acetic acid. The yellow color
generated from the reaction with kynurenine was measured at 490
nm using a Synergy HT microtiter plate reader (Bio-Tek, Winooski,
VT). The data were analyzed using Graph Pad Prism 4 software
(Graph Pad Software Inc., San Diego, CA). For the K; determina-
tions of 36, 41, and 50, tryptophan concentrations were varied from
25 to 200 uM (K= 42 uM), and inhibitor concentrations were
varied between 3-fold above and below the calculated ICsy.
Otherwise, reaction conditions were exactly as described above.
Data were analyzed with the Enzyme Kinetics module in SigmaPlot
version 10.
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Cell-Based IDO Inhibition and Cytotoxicity Assays. T-REx
cells containing an inducible human INDO cDNA” were seeded
in a 96-well plate at a density of 20000 cells per well in 100 uL of
DMEM + 10% FBS. IDO expression was induced for 72 h by the
addition of 100 uL of media containing 20 ng/mL doxycycline.
The media was then discarded, the wells rinsed once, and serial
dilutions of menadione in 200 uL of phenol red-free DMEM +
10% FBS was added in triplicate and incubated for 18 h. The
reaction was stopped by the addition of 40 uL of 50% (w/v) TCA
to each well, and the cells were fixed by incubating for 1 h at
4 °C.

To Assess IDO Activity. Following the TCA fixation step, the
supernatants were transferred to a round-bottomed 96-well plate
and incubated at 65 °C for 15 min. The plates were then centrifuged
at 1250g for 10 min, and 100 uL of clarified supernatant was
transferred to a new flat-bottomed 96-well plate and mixed at equal
volume with 2% (w/v) p-dimethylaminobenzaldehyde in acetic acid.
The yellow reaction was measured at 490 nm using a Synergy HT
microtiter plate reader (Bio-Tek, Winooski,VT).

To Assess Cell Viability. The TCA-fixed cells remaining in the
96-well plate following transfer of the media were processed
essentially as described.®® Fixed cells were washed four times in
tap water, blotted, air-dried, and treated for 15 min at room
temperature with 100 4L of 0.4% (w/v) sulfarhodamine B (SRB)
(Sigma-Aldrich, St. Louis, MO) prepared in 1% acetic acid. Wells
were then rinsed four times in 1% acetic acid, air-dried, and
developed by adding 200 uL of 10 mM unbuffered Tris-HCI and
incubating for 15 min at room temperature with gentle shaking.
Staining intensity, proportional to cell number, was determined by
reading the absorbance at 570 nm on a plate reader. Data were
collected and analyzed using Excel software (Microsoft).

Tumor Formation and Drug Response. FVB-strain MMTV-
Neu transgenic mice were obtained from the Jackson Laboratory.
C57BL/6 and athymic NCr-nu/nu (nude mice) were obtained from
NClI-Frederick. IDO knockout mice have previously been de-
scribed.®' Studies involving mice were approved by the institutional
animal use committee of the Lankenau Institute for Medical
Research. For autochthonous mammary gland tumor treatment
studies, parous, FVB-strain MMTV-Neu mice expressing the wild
type form of the rat HER2/Neu proto-oncogene were used as
described.'* B16-F10 melanoma-derived cell line isograft tumor
challenge experiments were carried out as described.* Menadione
administered to mice as a single agent at the nonlethal dose of 25
mg/kg q.d. did not result in any appreciable change in body weight
over the treatment period. The combination of menadione +
paclitaxel administered to MMTV-Neu mammary gland tumor-
bearing mice did result in average weight loss of ~8%, however,
a comparable degree of weight loss was observed in the taxol-
alone treatment cohort and there was no indication that this was
further exacerbated by menadione treatment. Graphing and statistical
analysis of the data was performed using Prism 4 software
(GraphPad Software Inc., San Diego, CA).

Computational Methods. Small Molecule Preparation. Mol-
ecules were constructed in MOE (MOE Molecular Operating
Environment Chemical Computing Group, version 2005.06 Mon-
treal Canada http//www.chemcomp.com/) and ionized using MOE’s
WashMDB function, and hydrogens were added. The small
molecule conformation was minimized to a gradient of 0.01 in the
MMFF94x force field®*** using a distance-dependent dielectric
constant of 1.

Protein Preparation. Using the IDO crystal structure (PDB code
2D0T), hydrogen atoms were added, and tautomeric states and
orientations of Asn, GIn, His residues were determined with
Molprobity (http://molprobity.biochem.duke.edu/).®**> Hydrogens
were added to crystallographic waters using MOE (MOE Molecular
Operating Environment Chemical Computing Group, version
2005.06 Montreal Canada http//www.chemcomp.com/). The Am-
ber99%¢ force field in MOE was used, and iron was parametrized
in the Fe*" state. Dioxygen was not added to the iron. All hydrogens
were minimized to an rms gradient of 0.01 holding the remaining
heavy atoms fixed. A stepwise minimization followed for all atoms
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using a quadratic force constant (100) to tether the atoms to their
starting geometries; for each subsequent minimization, the force
constant was reduced by a half-until zero.

Docking Calculations. The 2-[N-cyclohexylamino]ethanesulfo-
nic acid and 4-phenyl-1-imidazole ligands were removed from the
active site prior to docking. Preliminary docking calculations
performed with annulin B were carried out using MolDock.®” Gold
(version 3.1)%8% and AutoDock (version 3.05)°° were used with
default parameters and reproduced the crystallographic position of
4-phenyl-1-imidazole binding to the heme. Docking of the
napthquinone series of compounds using AutoDock and Gold
produced a top scoring binding pose with a ketone oxygen within
coordination distance to the heme iron.
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Abstract

Bin3 encodes an evolutionarily conserved and ubiquitously
expressed member of the BAR superfamily of curved mem-
brane and GTPase-binding proteins, which includes the BAR,
PCH/F-BAR, and I-BAR adapter proteins implicated in signal
transduction and vesicular trafficking. In humans, Bin3 maps
to chromosome 8p21.3, a region widely implicated in cancer
suppression that is often deleted in non-Hodgkin’s lympho-
mas and various epithelial tumors. Yeast studies have
suggested roles for this gene in filamentous actin (F-actin)
organization and cell division but its physiologic functions
in mammals have not been investigated. Here we report
that homozygous inactivation of Bin3 in the mouse causes
cataracts and an increased susceptibility to lymphomas
during aging. The cataract phenotype was marked by multiple
morphologic defects in lens fibers, including the development
of vacuoles in cortical fibers and a near total loss of F-actin in
lens fiber cells but not epithelial cells. Through 1 year of age,
no other phenotypes were apparent; however, by 18 months of
age, Bin3~~ mice exhibited a significantly increased inci-
dence of lymphoma. Bin3 loss did not affect normal cell
proliferation, F-actin organization, or susceptibility to onco-
genic transformation. In contrast, it increased the prolifera-
tion and invasive motility of cells transformed by SV40 large
T antigen plus activated ras. Our findings establish functions
for Bin3 in lens development and cancer suppression during
aging. Further, they define Bin3 as a candidate for an
unidentified tumor suppressor that exists at the human
chromosome 8p21.3 locus. [Cancer Res 2008;68(6):1683-90]

Introduction

BAR adapter proteins, named for a shared sequence motif
initially defined in the Binl, amphiphysin, and yeast RVS proteins
(1), function in diverse cellular processes, including membrane
dynamics, actin organization, polarity, stress response, antiprolif-

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).

Current address for J. Dinchuk: Bristol-Myers Squibb Research and Development,
Princeton, New Jersey. Current address for A.P. Soler: Richfield Laboratory of
Dermatopathology, Cincinnati, Ohio.

Requests for reprints: George C. Prendergast, Lankenau Institute for Medical
Research, 100 Lancaster Avenue, Wynnewood, PA 19096. Phone: 610-645-8475; Fax:
610-645-8533; E-mail: prendergast@limr.org.

©2008 American Association for Cancer Research.

doi:10.1158/0008-5472.CAN-07-6072

eration, immunity, and tumor suppression (2). The signature
domain of this class of proteins, the BAR domain, interacts with
and facilitates tubulation of curved membranes and also binds to
small GTPases and other cell regulatory proteins in the cytosol and
nucleus (3). Recently, crystallographic studies have revealed a
BAR superfamily that includes not only BAR adapters but also
members of the PCH (F-BAR) and I-BAR adapter families (4).
Within the original BAR family subgroup, Bin3 is, along with
Binl/amphiphysin II, one of only two members that are both
ubiquitously expressed in mammalian cells and conserved
throughout evolution to yeast (5). Studies of the budding and
fission yeast homologues, termed Rvsi61 and hob3+, have
highlighted essential functions in filamentous actin (F-actin)
organization and cell division (5-8). Extending these observations,
a recent study revealed that in fission yeast Hob3p can recruit the
Rho family small GTPase Cdc42 to support its role in polarized cell
division (9). However, the physiologic functions of Bin3 in
mammals have yet to be investigated in any depth.

One stimulus to investigation of the Bin3 gene is its interesting
location at human chromosome 8p21.3 within a region that has
been implicated widely in cancer suppression (10). Indeed, losses of
chromosome 8p represent one of the most common events in
epithelial tumors and B lymphomas and such events have been
associated strongly with progression in advanced metastatic
disease. In particular, recent fine-mapping studies have highlighted
a ~1 Mb region at 8p21.3, including Bin3, as the site of a tumor
suppressor gene(s) involved in the development of non-Hodgkin's
lymphoma, head and neck cancer, and prostate adenocarcinoma
(11-13). However, among the genes within the region implicated, a
clear suppressor has yet to been identified. In support of the notion
that Bin3 may be germane, another prototypical BAR family
member, Binl/amphiphysin II, has been shown to function in
cancer suppression (1, 14-21). To evaluate the physiologic
functions of Bin3, we studied the consequences of its genetic
deletion in the mouse.

Materials and Methods

Generation and genotyping of Bin3 nullizygous mice. The proximal
promoter and exon 1 of the murine Bin3 gene was replaced with a PGK-neo
cassette using standard methods for homologous recombination in the
mouse. Briefly, a genomic targeting plasmid with the structure noted in
Fig. 14 was introduced by electroporation into AB2.1 murine embryonic stem
cells. Clones with the desired homologous recombination event were
microinjected into C57BL/6] blastocysts and resulting male chimeric animals
were bred with C57BL/6 females to obtain offspring with germ-line
transmission of the knockout (KO) allele (as identified by Southern blot
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analysis). Mice were interbred and maintained on a mixed C57BL/6]-129/Sv]
genetic background. PCR was used to genotype mice as follows: Mouse tissue
samples were dissociated 1 h at 95°C in lysis buffer (25 mmol/L NaOH plus
0.2 mmol/L EDTA) and then neutralized with equal volume of 40 mmol/L
Tris-HCL. DNA-containing supernatant was used for PCR in a volume of 20 pL
in a PTC-200 Peltier Thermal Cycler (MJ Research). The primers used were
5-GTTAGGCCTCAGCTCTCCCTGAAGATTC-3" or 5-GCTTGGCTGGACG-
TAAACTCCTCTTCAG-3" and 5-CTGGGCCTTGACTCCTCATCTATCA-
GAAG-3' with expected sizes of 423 or 264 bp for wild-type (WT) or
nullizygous alleles, respectively. Following a 3-min denaturation at 96°C,
35 cycles of PCR were performed at 96°C for 30 s, 61°C for 30 s, and 72°C for
1.5 min with the addition of a 5-min elongation step at 72°C. All experiments
using mice were approved by the Lankenau Institute for Medical Research
and University of Delaware Animal Care and Use Committees and they
conformed to the Association for Research in Vision and Ophthalmology
Statement on the Use of Animals in Ophthalmic and Vision Research.

Cell culture. Mouse embryonic fibroblasts (MEF) were generated and
cultured as described previously (20, 22). COS cells were cultured and
transfected in DMEM supplemented with 10% fetal bovine serum (FBS)
and antibiotics. To compare cell proliferation, cells were seeded in
triplicate into 100-mm dishes that were uncoated or coated with the
nonadherent agent polyHEMA (23), and at the indicated times afterward,
cells were counted after trypsinization to determine cell outgrowth. For
cell motility as measured by Transwell migration assay, cells were
monitored as described (24) in a modified Boyden chamber (8-um pore
size, two-well Costar Transwell, Corning Life Sciences) according to the
manufacturer’s instructions. Briefly, 10° serum-deprived cells were seeded
in triplicate in the top wells in medium containing 0.1% FBS, and 48
h later, cells that had migrated into the bottom well containing medium
supplemented with 10% FBS were trypsinized and counted.

Antibody preparation and Western blot analysis. Recombinant full-
length human Bin3 was expressed in bacteria with a COOH-terminal
glutathione S-transferase (GST) fusion tag and used to create an anti-Bin3
monoclonal antibody using methods that have been described (25). The
resulting hybridoma (3A4) is an IgG2b with a k light chain and reacts with
the highly similar (94% sequence identity) mouse Bin3 on Western blots.
MEFs were isolated from WT and Bin3-null mice by standard methods, and
cell extracts for Western blot analysis were prepared by harvesting cells,
which were washed thrice in PBS, before lysis in 1X radioimmunopreci-
pitation assay buffer (1X PBS containing 1% NP40, 0.5% sodium
deoxycholate, 0.1% SDS, and 10 pg/mL phenylmethylsulfonyl fluoride),
including 10 uL/mL Protease Inhibitor Set III and Phosphatase Inhibitor Set
II (Calbiochem). Protein was quantitated by Bradford assay and 50 pg
protein per sample was analyzed by SDS-PAGE. Gels were processed by
standard Western blotting methods using a horseradish peroxidase (HRP)-
conjugated goat anti-mouse secondary antibody (1:2,000 dilution; Cell
Signaling). For actin, a primary anti-actin goat polyclonal antibody was used
(1:500 dilution; Santa Cruz Biotechnology) and HRP-conjugated rabbit anti-
goat secondary antibody (1:5,000 dilution; Southern Biotechnology Asso-
ciates). Antibody detection was carried out using a commercial chemilu-
minescence kit (Pierce).

Gross and histologic tissue analysis. Slit lamp photographs were taken
of anesthetized mice by standard methods. Dark field microscopic analysis
of the lens phenotype was performed by dissecting lenses from eyes and
placing them in Medium 199 with Earle’s salts and L-glutamine (Mediatech),
which is isotonic to the lens (26). Lenses were photographed with a
dissecting microscope (Stemi SV11 Apo, Carl Zeiss) fitted with a digital
camera. The resulting photographs were processed by removing the
color information and reducing the brightness in Adobe Photoshop. For
histologic analysis, whole eyes were fixed in 4% neutral buffered formalin for
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18 h, transferred to 70% ethanol, and stored until paraffin embedding.
Sections (6 pm) were prepared, stained with H&E, and photographed on an
upright microscope by standard methods.

Phalloidin staining. Lenses were dissected from the eye, fixed for 2 h in
4% neutral buffered formalin, washed thrice for 15 min each in PBS with
0.1% Triton X-100, and stained in PBS with 0.25% Triton X-100, a 1:2,000
dilution of DRAQ5 (Biostatus Ltd.), and 1:200 Alexa Fluor 488-labeled
phalloidin (Molecular Probes) overnight at 4°C. Lenses were subjected to
three 15-min room temperature washes in 0.1% Triton X-100 in PBS before
storage in PBS at 4°C. Whole stained lenses were placed epithelial side
down in an uncoated 35-mm #1 glass-bottom culture dish (MatTek Corp.)
filled with PBS and imaged in the XY plane with a LSM 510 VIS confocal
microscope fitted with a 20X objective lens, a 30-mW argon krypton laser,
and a 5-mW helium-neon laser (Carl Zeiss).

Bin3 immunofluorescence microscopy. Bin3 localization was ana-
lyzed in COS cells transiently transfected with a hemagglutinin (HA)-
tagged Bin3 expression construct. Staining methods were essentially as
described above and detailed elsewhere (27, 28). MitoTracker (Molecular
Probes) and the DNA dye 4',6-diamidino-2-phenylindole (DAPI) were
used as counterstains to identify mitochondria and nuclei, respectively, in
COS cells.

Carcinogenesis. For irradiation, 6- to 8-wk-old mice were exposed to a
single sublethal dose of 4 or 7 Gy y-rays from a '*’Cs y-irradiator and then
monitored to an end point of 12 mo when all animals were euthanized. For
chemical carcinogenesis, 6- to 8-wk-old mice were subjected to classic
protocols of lung, skin, and breast carcinogenesis. For lung carcinogenesis,
mice were given as described (29) a single i.p. dose of diethylnitrosamine
(DEN) at 20 or 50 mg/kg body weight. Lung tumors induced in this manner
occur with a mean latency of 24 wk in A/J mice (29). Mice treated with DEN
were monitored up to an end point of 12 mo, after which all animals were
euthanized and examined at necropsy for evidence of tumor formation. For
skin carcinogenesis, mice were shaved and the dorsal epidermis was treated
essentially as described (30, 31) with a single dose of 400 nmol 7,12-
dimethylbenz(a)anthracene (DMBA) followed by a twice-weekly application
of 17 nmol phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA). Mice
treated with DMBA + TPA were monitored to a 20-wk end point for skin
tumors. For mammary carcinogenesis, mice implanted with a subdermal
medroxyprogesterone pellet were treated with a single i.p. dose of DMBA
and tumor formation was monitored as described (20). All suspected lesions
at necropsy were weighed and processed by standard histologic analysis.

Results

Bin3 is nonessential for embryonic development or fertility.
The murine Bin3 gene encompasses ~38 kb and 8 exons on
chromosome 14D1-2, encoding a polypeptide composed of a single
BAR domain. We used standard methods to replace the proximal
promoter and exon 1 of this gene with a PGK-neo cassette (Fig. 14)
by homologous recombination in embryonic stem cells, generating
chimeric animals by blastocyst microinjection. Germ-line trans-
mission of the targeted allele was observed in heterozygous
animals by Southern blot analysis of genomic DNA from two
separate founder mice generated by the same embryonic stem cell
population (Fig. 1B), one of which was further characterized. The
loss of Bin3 protein in null mice was confirmed by Western blot
analysis of primary MEFs isolated from heterozygous or homozy-
gous null embryos using a monoclonal antibody raised against a
recombinant GST-Bin3 fusion protein. This antibody detected a
~ 31 kDa protein in MEFs”~ but not MEFs /™ that was consistent
with the size of the Bin3 polypeptide predicted from its primary
structure (Fig. 1C). Somewhat unexpectedly, given the robust defect
in cytokinesis produced in fission yeast cells by mutation of the
Bin3 homologue hob3+ (5, 9), we found that viable homozygous
null mice were readily obtained at Mendelian ratios without any
apparent defects in survival or fertility (data not shown). This

finding immediately argued that in mammals Bin3 has a
nonessential role in cell division, highlighting some functional
differences with fission yeast h0b3+ despite the homology of these
genes (5).

Bin3-null mice develop cataracts soon after birth, which are
characterized by severe defects in cytoskeletal F-actin organi-
zation. Within a few weeks to a few months of birth, Bin3™'~ mice
developed obvious gross lenticular opacities in one or both eyes,
whereas mice heterozygous or WT for the deletion did not develop
cataracts (Fig. 24-H). This phenotype was highly penetrant,
appearing in all nullizygous animals examined by 6 months of
age. Histopathologic examination of lenses from 1-week-old
Bin3™’~ mice (Fig. 2G) did not reveal any obvious defects; however,

Bin3
+/-

Bin3
T

Figure 2. Cataract formation in Bin3 nullizygous mice. Phenotype, gross
pathology, and histology of lenses from heterozygous and nullizygous mice are
shown. A and E, phenotype. B and F, gross pathology. Lenses dissected
from euthanized animals were processed and photographed with a dissecting
microscope fitted with a digital camera. C, D, G, and H, histology. Eyes

from euthanized animals were fixed, processed for staining with H&E, and
photographed at two magnifications. Note the overall disorganization of lens
fibers and vacuolar degeneration around the nucleus in the tissue from the
nullizygous animal. e, epithelial cells; f, fiber cells.
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Figure 3. F-actin organization is disrupted in lenses from
Bin3~/~ mice. Lenses from 8-wk-old mice were processed
for whole mount staining with fluorescein-conjugated
phalloidin (green) and the DNA stain DRAQ5 (blue) and
then imaged on a confocal microscope. A, lens from

a Bin3*”~ mouse. B, lens from a Bin3~~ mouse. Note the
lack of apparent F-actin loss or disorganization in lens
epithelial cells compared with the lens fiber cells.

e, epithelial cells; f, fiber cells.

by 8 weeks of age, the lens cortex of nullizygous animals had
developed numerous large vacuoles (Fig. 2H), although the lens
epithelium was apparently unaffected. There was no change in the
size of the eye in Bin3 ™'~ mice and the retina, cornea, and other
tissues of the eye did not show obvious pathologic features. In
contrast, no lens defects were observed in the lens sections
obtained from Bin3 heterozygous or WT littermates.

Genetic studies of yeast homologues of Bin3 suggest that this
gene functions in F-actin organization (5, 32). Therefore, we
analyzed the F-actin organization of lenses from 8-week-old
heterozygous and nullizygous mice. In lens fiber cells, F-actin is
normally found directly underlying the lateral cell membranes
(Fig. 34). In Bin3™/~ lenses, we observed a striking loss of F-actin
from the lens fiber cells and the little actin structure that remained
was highly disorganized (Fig. 3B). In contrast, F-actin organization
in the lens epithelial cells of nullizygous mice seemed to be
relatively unaffected. Furthermore, we did not observe any
alteration in the actin cytoskeleton of Bin3™’~ MEFs (data not
shown). Taken together, these observations indicated that Bin3
ablation caused a specific disruption of F-actin structure in lens
fiber cells.

Although efforts to visualize endogenous Bin3 by indirect
immunofluorescence staining methods were unsuccessful in
embryonic or adult murine eye, as well as in other tissue types
and MEFs (data not shown), in COS kidney cells where a HA-
tagged human Bin3 was expressed transiently, we observed a
cytosolic vesicular localization expected for BAR adapter proteins
(Fig. 4). Similar results were obtained on expression of WT Bin3
where protein was visualized with Bin3 monoclonal antibody
(data not shown). We concluded that Bin3 supported actin
organization and likely functioned at cytosolic vesicular mem-
branes in cells. Based on a recent report that fission yeast Hob3p
can recruit Cdc42 to support its role in cell division, we compared
Cdc42 expression and localization in lenses and embryonic
fibroblasts derived from Bin3™/~ animals. However, we did not
detect any differences in Cdc42 expression or localization in
either cell type (data not shown). These findings were not
unexpected based on the profound contrast between the
phenotypes produced by deletions of Bin3 or Cdc42, which in
the latter case causes early embryonic lethality in the mouse
associated with gross defects in structural organization and
primary ectoderm (33). This strong difference in phenotype clearly
pointed to greater degeneracy in the function of Bin3 in mammals
compared with fission yeast.

Bin3 suppresses lymphoma during aging and restricts the
efficiency of lung carcinogenesis. Other than juvenile cataracts,
no other apparent phenotypes were noted in Bin3 ™/~ mice through
1 year of age. In contrast, beyond 1 year of age Bin3 ™~ mice
displayed a significantly elevated incidence of lymphoma, with
36% of Bin3~'~ mice exhibiting lymphomas by 18 months of age
compared with none of the age-matched heterozygous or WT
control animals (Table 1; Fig. 54). Lymphomas were observed to
arise in the lung, liver, intestine, spleen, and lymph nodes. Among

Bin3

DAPI

Mito

Merge

COs

Figure 4. Vesicular membranous localization of Bin3 protein. COS cells
were processed for indirect immunofluorescence with monoclonal antibody
12CA5 to HA epitope 48 h after transfection with an expression vector for HA
epitope-tagged Bin3. No staining was observed in vector-only—transfected
cells. DAPI was used to visualize nuclei and MitoTracker dye was used to
visualize mitochondria (Mito).
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Table 1. Increased incidence of lymphoma formation in Bin3~/~ mice during aging

Pathology Bin3** (n = 10) Bin3*~ (n = 23) Bin3~~ (n = 33)
Lymphoma 0/10 (0%) 0/23 (0%) 13/33 (39%)*
Lung

Congestion, chronic inflammation 0/10 (0%) 0/23 (0%) 3/33 (9%)
Liver

Congestion, chronic inflammation 0/10 (0%) 1/23 (4%) 2/33 (6%)
Spleen

Myelodysplastic syndrome 0/10 (0%) 1/23 (4%) 2/33 (6%)

Congestion, extramedullary hemopoiesis 1/10 (10%) 1/23 (4%) 2/33 (6%)

NOTE: Mice were euthanized at 18 mo of age and examined at necropsy for pathologic evidence of tumor formation. All suspected lesions were

confirmed by histologic analysis.

*P = 0.0196 (+/+ versus —/—) or 0.0003 (+/— versus —/—) using a two-tailed Fisher’s exact test.

these types of tumors, two were identified specifically as mucosa-
associated lymphoid tissue lymphoma and two as follicular
lymphoma (data not shown). Bin3~’~ mice also exhibited modest
increases in congestion and inflammation in the lung or liver and
also in myelodysplastic syndrome and congestion with extrame-
dullary hemopoiesis in spleen (~15% and ~12% of nullizygous
animals, respectively; Table 1; Fig. 5B). Taken together, these
observations suggested that Bin3 acted to suppress lymphoma
formation during aging.

We reasoned that a negative modifier effect of Bin3 on cancer
might also manifest in animals exposed to a carcinogen. To
examine this idea, we compared the responses of Bin3~’~ mice to
-irradiation, exposure to a chemical carcinogen, or activation of
the c-myc oncogene in a transgenic cross. In these experiments,
heterozygous animals were used as controls based on evidence of
haplosufficiency of Bin3 for lymphoma suppression and the desire
to control for the neomycin cassette present at the homozygous KO
locus. These experiments suggested a specific trend for cooperation
of Bin3 loss with a facilitation of lung tumor formation. For
irradiation, mice of 6 to 8 weeks of age were subjected to a single
whole-body dose of 4 to 7 Gy y-radiation from a "*’Cs source and
monitored to a 12-month end point. Although the penetrance of
tumor formation on this protocol was limited, the null group
exhibited greater sensitivity to lung adenocarcinoma, splenic
extramedullary hemopoiesis, and splenomegaly relative to the
heterozygous control group (Supplementary Table S1; Supplemen-

tary Fig. S14 and B). Similarly, in mice exposed to a single dose of
DEN, a ras-activating mutagen that induces lung and liver tumors
with limited penetrance (34), null mice also exhibited a greater
sensitivity to the formation of lung adenocarcinoma (Supplemen-
tary Table S2; Supplementary Fig. S1C). Although liver tumors
did not arise in these animals, 30% of the Bin3~~ mice displayed
hepatic congestion and 20% displayed hepatocyte atypia
(Supplementary Table S2). Neither of these premalignant lesions
occurred in the control group. Finally, we also compared the effects
of Bin3 loss in two models of mammary tumorigenesis involving
initiation by chemical carcinogen DMBA or overexpression of
the c-myc oncogene. Briefly, mice were subjected to a standard
protocol of carcinogen treatment or interbred with MMTV-c-myc
mice (35) before nullizygous and heterozygous virgin or parous
females were compared for tumor incidence, kinetics, and
histology. In both models, Bin3 loss did not affect mammary
tumorigenesis (data not shown), implying that Bin3 suppressed
tumor formation only in specific tissues, only in cooperation with
certain oncogenic lesions, or both. In summary, we concluded that
Bin3 restricted the efficiency of lung carcinogenesis and sup-
pressed the development of spontaneous lymphomas during aging.

Bin3 restricts the proliferation and motility of oncogenically
transformed cells. Despite evidence that the yeast homologues of
Bin3 function in F-actin organization, endocytosis, and cytokinesis
(5, 7, 9, 36), an examination of normal embryonic fibroblasts and
liver monocytes derived from Bin3™/~ animals revealed no gross

Figure 5. Lymphoma and splenic
histopathology in aging Bin3~~ mice.
Representative lesions scored in
nullizygous animals were processed for
sectioning and staining with H&E using
standard histologic methods. A, lymphoma
in liver in an 18-mo-old animal. B, splenic
congestion with extramedullary
hemopoiesis in an 18-mo-old animal.
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defects in F-actin organization, endocytotic or phagocytotic
activity, or cell division (data not shown). These observations were
consistent with the lack of any general acute effects of Bin3
ablation in the mouse other than cataract formation. In contrast,
yet consistent with evidence of roles for Bin3 yeast homologues
Rvsl61 and hob3+ in stress signaling (7, 36), we found that Bin3
deletion accentuated the neoplastic phenotype of embryonic
fibroblasts (MEFs) that were oncogenically transformed by
expression of SV40 large T antigen plus mutant H-ras"'2,
Specifically, Bin3™/~ -transformed MEFs displayed increased prolif-
eration on adherent or nonadherent substrata and relatively
greater invasive motility through Matrigel in transwell cell
migration assays (Fig. 6). There was no significant effect of Bin3
deletion on MEF immortalization (3T3 passage schedule) or on
susceptibility to oncogenic transformation, further extending the
notion that Bin3 does not control a fundamental feature of cell
division in mammalian cells (data not shown). However, in support
of the concept that it negatively modifies cell proliferation under
conditions of transformation-related stress, we noted a greater
sensitivity of T + Ras—transformed cells to cell death caused by the
antiproliferative agents mitomycin C, which inhibits DNA synthesis
and nuclear division, or benomyl, which blocks mitosis (data not
shown). Taken together, these results corroborated the concept of
Bin3 as a suppressor gene that restricts the proliferation and
motility of oncogenically transformed cells.

Discussion

The results of this study define essential functions for Bin3 in
postnatal lens development and lymphoma suppression during
aging. Advanced age is the major risk factor for many diseases, yet
most preclinical models use young animals that do not fully
recapitulate the participation of inflammation, immune senescence,
or other factors that are affected significantly by aging. Insights into
the cause and treatment of age-associated diseases might benefit
from studies of pathways that modify disease susceptibility during
aging. However, few such pathways have been defined.

Cataracts are the leading cause of blindness in the world.
Although most cataracts are diagnosed in the elderly, congenital
cataracts also occur in infants and children at a rate of ~3 in
10,000 births, accounting for ~10% of vision loss in children
worldwide. Congenital cataracts have been found as components of
multisystem syndromes, in association with other defects in ocular
development, or as isolated anomalies. Many of the genes
responsible for human and mouse autosomal dominant cataracts
have been discovered in recent years (37) due to the completion of
a saturation mutagenesis screen of the mouse genome for loci
responsible for dominant cataract (38). However, the etiology of the
vast majority of human congenital cataracts remains unknown (39)
and may well represent autosomal recessive traits. Mouse models
have been used to define genes involved in congenital eye
abnormalities, and in recent years, they have advanced under-
standing of lens morphogenesis, physiology, and the pathogenesis
and pathophysiology of cataract (39, 40). One notable aspect of the
human chromosomal localization of Bin3 at 8p21.3 is its synteny
with the midsection of murine chromosome 14, where a highly
penetrant cataract locus, termed rupture of lens cataract (Rlc), has
been mapped. Rlc causes lens opacity starting at 1 to 2 months of
age with vacuole formation and lens nucleus rupture in advanced
cases (41-44). Like Bin3 loss, the effects of Rlc seem to be confined
to the lens without effects on development, viability, or fertility.
Given their relative proximity and similarities in cataractogenesis,
the relationship between Rlc and Bin3 may deserve further
attention.

In cancer, chromosome 8p is among the most commonly altered
regions of the genome, with a large body of literature implying the
presence of at least three tumor suppressor genes. Although the
identity of these genes has yet to be identified conclusively,
inactivation of one or more is strongly implicated in the genesis of
a variety of epithelial and hematologic malignancies. In particular,
there is extensive evidence pointing to a suppressor locus 8p21.3
that is germane to the development of non-Hodgkin’s lymphoma
(11), prostate cancer (12, 45-48), head, neck, oral, and laryngeal
cancers (13, 49), and lung cancers (50). Indeed, recent fine-mapping
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studies of the 8p21.3 region have highlighted a ~1 Mb region
containing ~ 10 genes, including the Bin3 gene, as a focal point of
relevance to non-Hodgkin’s lymphoma and prostate adenocarci-
noma (11-13). The appearance of lymphomas in Bin3™/~ mice is
clearly consistent with the possible relevance of Bin3 as a tumor
suppressor in this setting. Although we did not see prostate tumors
spontaneously arise in Bin3™/~ mice, this connection needs to be
explored more directly because, based on our observations, one
would not expect Bin3 ablation to be sufficient on its own to drive
epithelial tumorigenesis in the absence of a cooperating oncogenic
stimulus. Although the 8p21-22 region in humans also has been
implicated in breast cancer suppression, our results argued against
arole for Bin3 in this setting, suggesting either it is irrelevant or that
conditions required for relevance were not operative in the models
examined. Nevertheless, our findings as a whole clearly support
further evaluation of Bin3 as a candidate for the tumor suppressor
gene inferred to reside at human chromosome 8p21.3.

Our findings provide a biological foundation for further
investigation into how Bin3 functions. During lens fiber cell
differentiation, these cells develop elaborated lateral membranes
that form high surface area interdigitations with their neighbors to
allow for extensive cell communication in this avascular tissue (51).
Because these interdigitations also are tightly associated with the
actin cytoskeleton (52), this association supports a Bin3 connection
in actin cytoskeletal dynamics and membrane structure. However, if
this is the case, it remains unclear why the lens phenotype should
develop so late, only after eye lid opening. As noted above, yeast
homologues of Bin3 have been implicated in F-actin organization,
vesicle trafficking, and cell polarity (5-8, 36). Lens fiber cells
normally have most of their F-actin distributed directly under cell
membrane in lens fiber (53), whereas Bin3 /" lens fiber cells lose
much of their F-actin cytoskeleton and what is remaining does
not seem to localize along the lateral cell membranes. This pheno-
type suggests that Bin3 may be essential to maintain the actin
cytoskeleton of lens fibers. In support of this notion, Bin3 is able to
complement defects in F-actin localization in fission yeast caused by
mutation of its homologue hob3+. Alternatively, Bin3 may be
important for actin dynamics in the lens by supporting short-term
disassembly of actin stress fibers in lens epithelial cells, which seems
to be sufficient to induce differentiation in lens fiber cells (54).

8 E. Routhier et al., unpublished observations.
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A small set of interactions for yeast homologues of Bin3 has been
described, but the relevance of two of the best characterized of
these interactions remains uncertain in mammals as yet. Studies of
the budding yeast homologue Rvs161p indicate a critical reliance
on its physical interaction with Rvs167p, the Binl/amphiphysin
orthologue in yeast, yet we have been unable, to date, to obtain any
evidence of similar physical interactions between either the fission
yeast orthologues Hoblp and Hob3p or the mammalian ortho-
logues Binl and Bin3.® A second important interaction has been
reported between Hob3p and Cdc42p (9), a Rho family small
GTPase that contributes to polarized cell division and cytokinesis
in fission yeast (55). However, we observed no changes in Cdc42
expression or localization in cells lacking Bin3, including in lens
cells where Bin3 loss caused a profound disruption in F-actin
organization. The notion that the Bin3 and Cdc42 proteins may not
interact constitutively in mammalian cells, as their fission yeast
counterparts do, is not entirely unexpected given (@) the profound
difference in the effects of deleting Cdc42 and Bin3 in the mouse,
only the former of which yields an early embryonic lethal
phenotype associated with gross structural abnormalities, and ()
the much greater degeneracy in Rho small GTPases and their
regulators in mammals compared with yeast. Given evidence that
Bin3 and its yeast homologues may share roles in stress signaling
(5), possibly germane to cancer suppression, along with the
involvement of Cdc42 in motility and perhaps cytokinesis (55), it is
interesting that oncogenically transformed primary cells lacking
Bin3 displayed an increased sensitivity to the antimitotic agent
benomyl as well as an increased motility in transwell migration
assays. Thus, interactions of Bin3 with Binl or Cdc42 may be
contingent on a cellular stress state, including oncogenic stress, the
context of which may help define their possible roles in cell
proliferation and motility.
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Figure 1. IDO expression is evident in the tumor draining lymph nodes but not in the autochthonous
primary tumors formed in MMTV-Neu transgenic mice. Immunohistochemical staining with rabbit
polyclonal antibody to mouse IDO. Left: Primary MMTV-Neu mammary gland tumor stained for IDO (red,
x100). Right: Draining inguinal lymph node stained for IDO (red, x100 & x400).
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WAP-Cre Transgenic Mouse Breeding Flowchart

WAP-Cre(+/-) X Bin1(KO/wt)

(M) J F)

25% Binl(wt/wt), WAP-Cre(-/-) euthanize at weaning

25% Bin1(wt/wt), WAP-Cre(+/-) euthanize at weaning

25% Bin1(KO/wt), WAP-Cre(-/-) euthanize at weaning

*25% Bin1(KO/wt), WAP-Cre(+/-) X Bin1(KO/wt), WAP-Cre(+/-)

(M) F

—— 6.25% Binl(wt/wt), WAP-Cre(-/-) euthanize at weaning
——— 12.5% Binl(wt/wt), WAP-Cre(+/-) euthanize at weaning
—— 6.25% Binl(wt/wt), WAP-Cre(+/+) euthanize at weaning
—— 6.25% Bin1(KO/KO), WAP-Cre(-/-) perinatal lethal
— 12.5% Bin1(KO/KO), WAP-Cre(+/-) perinatal lethal
—— 6.25% Bin1(KO/KO), WAP-Cre(+/+) perinatal lethal
— 12.5% Bin1(KO/wt), WAP-Cre(—/-) euthanize at weaning
[ 25% Bin1(KO/wt), WAP-Cre(+/-) euthanize at weaning

——— *12.5% Bin1(KO/Wt), WAP-Cre(+/+)

Q)

MMTV-cNeu Transgenic Mouse Breeding Flowchart

MMTV-cNeu(+/+) X Binl(flox/flox)

(M) J (F)

\— 100% MMTV-cNeu(+/-), Binl(flox/wt) X Bin1(flox/flox)

(M) (]
25% MMTV-cNeu(-/-), Bin1(flox/wt) euthanize at weaning
25% MMTV-cNeu(-/-), Bin1(flox/flox) euthanize at weaning
25% MMTV-cNeu(+/-), Binl(flox/wt) euthanize at weaning
25% MMTV-cNeu(+/-), Bin1(flox/flox) X Bin1(KO/wt),WAP-Cre(+/+)

(M) | ®

euthanize males
25% [12.5% F] MMTV-cNeu(-/-),Bin1(flox/wt), WAP-Cre(+/-)  euthanize
25% [12.5% F] MMTV-cNeu(~/-),Bin1(flox/KO),WAP-Cre(+/-)  euthanize

25% [12.5% F] MMTV-cNeu(+/-),Bin1(flox/wt), WAP-Cre(+/-)  control group
25% [12.5% F] MMTV-cNeu(+/-),Bin1(flox/KO),WAP-Cre(+/-)  experimental group
(F)
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Figure 2. Breeding strategy for producing FVB-strain mammary gland targeted Binl-null mice. The
alleles for the Cre recombinase transgene controlled by the whey acidic protein promoter [WAP-Cre], the
constitutive Binl knockout [Bin1(KO)], and the conditional Binl knockout [Binl(flox)] were all individually
introduced onto the FVB strain background by performing 5 or more generations of backcrossing prior to
initiating these crosses. The two flowcharts diagram the breeding steps that were followed to generate
experimental and control groups mice with the desired genotypes. This required (A) two generations of breeding
to obtain Bin1(KO/wt),WAP-Cre(+/+) mice that were used in breeding scheme B where indicated by the arrow
and (B) three generations of breeding to obtain experimental MMTV-cNeu(+/-), Bin1(flox/KO),WAP-Cre(+/-)
and control MMTV-cNeu(+/-),Bin1(flox/wt), WAP-Cre(+/-)mice.



Muller, Alexander

L-1MT : K;19.16 D,L-IMT : K; 34.92 |D-1MT : Does not converge |

025 0.25 025
[] L] oum = 0uM
0.20 0.20 & 0.20 M
0uM 50 uM . & 2
@ 015 50 uM @ 015 + 100 M @ 015 = 3 100 M
ng-! 100 uM é o M g "
0.10 . 0.10 0.10
005 005 0.05
0 00— 000F—————————— 0.00+———————F————
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
[Trp] uM [Trp] uM [Trp] uM

Figure 3. L-MT inhibits purified IDO enzyme activity more effectively than D-1MT. Enzyme kinetic data
demonstrating the impact of the L and D 1MT isomers and the D,L racemate on purified, recombinant 1DO
enzyme activity in the presence of varying concentrations of L-tryptophan substrate. Global nonlinear regression
analysis and computation of best fit Ki values, (shown for each compound), was performed using the Prism4

software package (GraphPad).
Hou, et al. 2007 Cancer Res. 67:792
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Figure 4. L-MT inhibits IDO enzyme activity in HeLa cells more effectively than D-1IMT. The impact of
dose escalation of the L and D 1MT isomers and the D,L racemate on IDO activity was evaluated in HeLa cells
stimulated for 24h with IFN-y. Nonlinear regression analysis and calculation of EC50 and Hillslope values,

(shown for each compound), was performed using the Prism4 data analysis program (GraphPad).
Hou, et al. 2007 Cancer Res. 67:792
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Figure 3. D-1MT provides greater survival benefit in combination therapy, in an IDO-dependent fashion.
A. 4T1-luc orthotopic isografts were established in the mammary fatpad. Cy was administered at 25 mg/kg
orally qd 1x/week, and 1IMT (D, L or DL) administered at 400 mg/kg by oral gavage twice daily 5x/week by
gavage, beginning at the time of tumor implantation. The upper graph shows time to endpoint for all groups; the
lower graph shows only the Cy vs Cy+D-1MT groups, for clarity. The comparisons of interest were between
[D-IMT+CY vs CY] and [L-IMT+CY vs CY]. Since survival data were not censored, groups were analyzed
using a two-group Wilcoxon exact test; statistical significance was determined at p<0.025. The combination of
D-1MT+CY showed a significant survival benefit over CY alone (p=0.024), while L-IMT+CY was not different
from CY alone (p=0.14).

B. MMTV-Neu mice with tumors were treated for 2 weeks, receiving either vehicle alone, paclitaxel alone or
paclitaxel (13.3 mg/kg g. MWF) plus oral D-1MT or L-1MT for 5 days, as indicated. For statistical analysis, the
comparisons of interest were [D-1MT+paclitaxel vs paclitaxel alone] and [L-1MT+paclitaxel vs paclitaxel
alone]. Significance was determined at p<0.025 using a two-group Wilcoxon exact test. The fold change of the
D-1MT+paclitaxel group was significantly smaller than that of paclitaxel alone (p=0.012), whereas paclitaxel+L-
1MT was not different from paclitaxel alone (p=0.85).

C. The effects of the D isomer of IMT require an intact host IDO gene. B16F10 tumors were grown in either
wild-type B6 hosts or IDO-KO hosts on the B6 background, as shown. All groups received Cy, with or without
oral D-IMT (2 mg/ml in drinking water). Analysis by ANOVA showed that Cy+D-1MT was significantly
different (* p<0.05) than Cy alone for the wild-type hosts, but there was no effect of D-1IMT when tumors were
grown in IDO-KO hosts.

Hou, et al. 2007 Cancer Res. 67:792
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Figure 6. IDO2 structure and similarities to IDO. A, structure of human IDO2 gene and transcripts. Complete
coding region is 1,260 bp encoding a 420-amino-acid polypeptide. Alternate splice isoforms lacking the exons
indicated are noted. White boxes, a frameshift in the coding region to an alternate reading frame leading to
termination. Black boxes, 3' untranslated regions. Nucleotide numbers, intron sizes, and positioning are based on
IDO sequence files NW_923907.1 and GI1:89028628 in the Genbank database. B, amino acid alignment of IDO
and IDO2. Amino acids determined by mutagenesis and the crystal structure of IDO that are critical for catalytic
activity are positioned below the human IDO sequence. Two commonly occurring SNPs identified in the coding
region of human IDO2 are shown above the sequence that alter a critical amino acid (R248W) or introduce a
premature termination codon (Y 359stop).
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Figure 7. Tryptophan catabolic activity of IDO2 and inhibition by D-1MT. A, inducible expression of IDO and
IDO2 in representative T-REX cells. Western blot analysis of the V5 epitope—tagged proteins indicated was done
with a horseradish peroxidase—conjugated anti-V5 antibody (Invitrogen) in cells that were untreated (U), treated
with 20 ng/mL doxycycline (D), or treated with doxycycline and 100 umol/L tryptophan (DT). B, tryptophan
catabolism. T-REX cells were seeded at 60% to 70% confluence in 96-well dishes in medium supplemented with
0 to 100 pmol/L tryptophan. Kyn production was determined 48 h later and normalized to protein levels as
determined by sulforhodamine B assay. Each enzyme was catalytically active, based on increased Kyn levels
with increasing substrate concentrations, although IDO2 seemed to be 2- to 4-fold less active than IDO when
normalized to protein levels as determined by sulforhodamine B assay. Points, mean of values determined in
triplicate and normalized to cellular protein levels. Abs, absorbance. C, effect of IDO inhibitors on 1DO2
catalytic activity. T-REX cells were seeded and processed as above except for the addition to the medium of 0 to
100 pmol/L of the IDO inhibitors MTH-trp, L-1MT, D-1MT, or vehicle control (DMSO). Points, mean of values
determined in triplicate and normalized to cellular protein levels as before.
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Figure 8. Non-functional IDO2 SNPs are highly represented in the human population. A SNP database
from 341 individuals was evaluated for the frequency of alternate alleles of the two functional SNPs identified in
the human 1DO2 gene, rs10109853 (C/T; codon change R248W) and rs4503083 (T/A; codon change Y359Stop).
Of the individuals represented in the databse, 114 were categorized as European, 114 as Asian, 23 as African
American and 90 as Sub-Saharan African. The percent distribution of the different allelic pairs are graphed for
A) the C/T alleles, B) the T/A alleles and C) the active vs. inactive alleles combining data from both allelic
variants. The distribution pattern for the entire dataset is represented by the first bar on the left followed by
separate analyses for the African, European, and Asian groups. The N for each analysis is listed at the top of the
bar. In a few instances, the SNP analysis was uninformative resulting in the N values being somewhat lower than
the total number of individuals evaluated. In panel C it was sometimes impossible to unequivocally determine
whether two inactivating SNPs were located in the same or different alleles, and these instances are represented
separately in the distribution pattern by a hatched segment on the graph. However, sequence data presented in
this report indicating that the two polymorphism tend to be independently segregating alleles suggests that the
distribution of these equivocal alleles is likely to be skewed toward both being inactive. The SNP datasets are

available through the NCBI ENTREZ SNP web site at http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Snp.
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Figure 9. Loss of IDO in the stroma prolongs the survival of mice bearing 4T1 breast tumor isografts.
by impairing metastasis. 4T1-luc orthotopic isografts were established by injection of 1x10* cells into the
mammary fatpad of wild type and IDO knockout BALB/c strain mice. A) Growth of primary tumors as
determined by caliper measurements. Graphed as the mean + SEM. B) Survival of mice bearing 4T1 tumors.
Since survival data were not censored, groups were analyzed by a two-group logrank test (equivalent to the
Mantel-Haenszel test) using GraphPad Prism4 statistical analysis software; statistical significance was
determined at p < 0.05. C) Lungs from mice taken at 7 weeks following challenge with 4T1 cells. D) Number
of 6-thioguanine-resistant colonies formed from blood and lung biopsies taken from mice at 5 weeks
following challenge with 4T1 cells.
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